Metrics to evaluate alternative watershed management policy outcomes using linear programming optimization and simulation of the Schuylkill River watershed in Southeastern Pennsylvania by Hesson, Molly D.
  
    
 
 
 
Metrics to evaluate alternative watershed management policy outcomes using linear 
programming optimization and simulation of the Schuylkill River watershed in 
Southeastern Pennsylvania 
 
A Thesis 
Submitted to the Faculty 
of 
Drexel University 
By 
Molly D. Hesson 
In partial fulfillment of the 
requirements for the degree 
of 
Doctor of Philosophy 
May 2013 
 
 
  
  
 
 
 
 
 
 
 
© Copyright 2013 
Molly D. Hesson. All Rights Reserved. 
i 
 
Dedications 
 
I would like to dedicate this dissertation to my family and friends, whose love and 
support were critical to the completion of this project. 
ii 
 
Acknowledgements 
 
I would like to acknowledge and thank my advisors Mira Olson and Patrick Gurian at 
Drexel University for their patience and guidance over the years. 
I would like to acknowledge and thank the Philadelphia Water Department and CDM-
Smith for their financial and technical support of this project.  I would specifically like to 
thank Kelly Anderson, Chris Crockett, Mark Maimone, Jim Smullen, Howard Neukrug, 
Paula Conolly, and Julia Rockwell for their professional and personal support 
throughout the years of this project. 
I would like to acknowledge and thank Dean Randall from Hydrologics, Inc. for the 
hours of friendly conversation and technical trouble shooting, which enabled my 
understanding of OASIS and appreciation for the art of hydrological modeling. 
  
iii 
 
Table of Contents 
 
 
List of Tables ................................................................................................................................ vii 
List of Figures ................................................................................................................................ x 
Abstract ........................................................................................................................................ xii 
1. Introduction ............................................................................................................................... 1 
1.1. Scope of Dissertation ......................................................................................................... 1 
1.2. Watershed Management and Policy Mechanisms ........................................................ 2 
1.2.1. Streamflow Objective Mechanism ............................................................................ 2 
1.2.2. Conservation Release Mechanism ............................................................................ 3 
1.2.3. Reservoir Hedging Mechanism ................................................................................. 4 
1.2.4. Drought Demand Restriction Mechanism ............................................................... 6 
1.3. Watershed Management Performance Metrics ............................................................. 7 
1.3.1. Hydrological Indicators ............................................................................................. 7 
1.3.2. Reservoir Performance Metrics ................................................................................. 9 
1.3.3. Water Availability Metrics ....................................................................................... 12 
1.3.4. Summary of Metrics ................................................................................................. 13 
1.4. Watershed Management Simulation Tools .................................................................. 16 
1.5. Case Study – Schuylkill River Watershed, Southeastern Pennsylvania ................... 23 
1.6. Existing Watershed Management Policy Mechanisms ............................................... 27 
1.6.1. Conservation Release – Blue Marsh Reservoir ..................................................... 28 
1.6.2. Salinity Repulsion DRBC Directed Releases – Blue Marsh Reservoir ............... 28 
iv 
 
1.6.3. Consumptive Use Augmentation Releases – Limerick Generating Station ..... 30 
1.6.4. Drought Demand Restrictions – Pennsylvania ..................................................... 31 
1.7. Summary ........................................................................................................................... 32 
1.8. Section References ............................................................................................................ 33 
2. Vulnerability and Severity Metrics ....................................................................................... 38 
2.1. Instream Water Functions ............................................................................................... 40 
2.2. Instream Vulnerability and Severity ............................................................................. 43 
2.3. Reservoir Functions ......................................................................................................... 47 
2.4. Reservoir Vulnerability and Severity ............................................................................ 49 
2.5. Partitioning Probabilities ................................................................................................ 52 
3. Experimental Design .............................................................................................................. 54 
3.1. Conservation Releases ..................................................................................................... 55 
3.2. Streamflow Objectives ..................................................................................................... 56 
3.3. Reservoir Pools and Hedging ......................................................................................... 58 
3.4. Model Runs ....................................................................................................................... 63 
3.5. Uncertainty and Model Sensitivity ................................................................................ 66 
3.6. Drought Based Water Use Restrictions ......................................................................... 68 
4. Schuylkill River OASIS Model .............................................................................................. 69 
4.1. Watershed Discretization ................................................................................................ 70 
4.2. Data Collection and Historical Extension ..................................................................... 73 
4.3. Endogenous Variable Removal ...................................................................................... 76 
4.4. Routing .............................................................................................................................. 77 
4.4.1. Routing in OASIS ...................................................................................................... 78 
v 
 
4.4.2. Routing Coefficient Selection Analysis .................................................................. 83 
4.4.3. Results ......................................................................................................................... 94 
4.4.4. Routing Discussion ................................................................................................. 104 
4.4.5. Routing Error Propagation and the Norristown Target .................................... 106 
4.4.6. Final Routing Equations ......................................................................................... 108 
4.5. Daily Inflows .................................................................................................................. 110 
4.6. Drought Based Water Use Restrictions ....................................................................... 116 
4.6.1. Drought Trigger Locations .................................................................................... 117 
4.6.2. Drought Trigger Streamflow ................................................................................. 121 
4.6.3. Drought Water Use Restrictions ........................................................................... 123 
4.6.4. Summary of Assumptions Modeling Drought Restrictions ............................. 140 
4.7. Baseline Model ............................................................................................................... 142 
4.7.1. Baseline Watershed Management Policies .......................................................... 142 
4.8. Baseline Objective Function .......................................................................................... 151 
4.9. Model Verification ......................................................................................................... 153 
5. Results ..................................................................................................................................... 158 
5.1. Baseline Model Results .................................................................................................. 158 
5.1.1. Streamflow Duration .............................................................................................. 158 
5.1.2. Baseline Performance Metrics ............................................................................... 162 
5.2. Simulation Results ......................................................................................................... 168 
5.3. Optimal Set of Policies ................................................................................................... 180 
5.4. Graphical Presentation of Results ................................................................................ 182 
5.5. Sensitivity Testing .......................................................................................................... 186 
vi 
 
5.6. Drought Restriction Numerical Experiment Results ................................................ 192 
6. Discussion .............................................................................................................................. 197 
6.1. Performance of Proposed Metrics Compared to Traditional Metrics .................... 197 
6.2. Policy Selection and Recommended Policy ................................................................ 204 
6.3. Sensitivity of Recommended Policy and Management Implications ..................... 207 
6.4. Drought Restriction Performance ................................................................................ 208 
6.5. Limitations of Analysis ................................................................................................. 210 
6.6. Future Research and Other Applications of Metrics ................................................. 213 
7. References .............................................................................................................................. 216 
Appendix A ……………………………………………………………………………………224 
Appendix B ……………………………………………………………………………………568 
Appendix C ……………………………………………………………………………………630 
Appendix D ……………………………………………………………………………………678 
Vita ……………………………………………………………………………….…………….694 
  
vii 
 
List of Tables 
 
Table 1.3-1 Summary of Metrics ............................................................................................... 15 
Table 1.4-1 Dynamic and Linear Programming Comparison ............................................... 19 
Table 2.5-1  Final Proposed Metrics .......................................................................................... 53 
Table 3.1-1 Conservation Release Schedules ........................................................................... 55 
Table 3.2-1 High and Low Flow Target Components ............................................................ 58 
Table 3.3-1 Pools Releasing for the Flow Target ..................................................................... 62 
Table 3.4-1 Experimental Design .............................................................................................. 64 
Table 3.5-1 Sensitivity Runs ....................................................................................................... 68 
Table 4.2-1 Final Historical Infill Correlation Results ............................................................ 74 
Table 4.3-1 Observed Dataset Endogenous Variable Removal ............................................ 77 
Table 4.4-1 Time Series Selected for Routing Analysis .......................................................... 87 
Table 4.4-2 Reading to Pottstown Routing Parameters ......................................................... 94 
Table 4.4-3 Routing Test Results and Metrics ......................................................................... 98 
Table 4.4-4 Final Equations for Convolution and Instantaneous Routing ........................ 109 
Table 4.5-1 Inflow Equations ................................................................................................... 111 
Table 4.6-1 Pennsylvania Streamflow Indicator Locations in the Schuylkill River 
Watershed .................................................................................................................................. 118 
Table 4.6-2 Model Drought Trigger Nodes and Responding Nodes ................................. 119 
Table 4.6-3 Drought Indicator Node Drought Streamflow Triggers ................................. 123 
Table 4.6-4 Water Use Restriction Scenarios ......................................................................... 126 
Table 4.6-5 Existing Reach and Node Withdrawals and Discharges, CFS ........................ 129 
viii 
 
Table 4.6-6 15% Reduction in Water Withdrawals ............................................................... 131 
Table 4.6-7 Drought Wastewater Discharges, 5% and 15 % Reductions ........................... 132 
Table 4.6-8 Consumptive Use by Reach in Reduction Scenarios ....................................... 133 
Table 4.6-9 Drought Consumptive Use Differences ............................................................. 135 
Table 4.6-10 Reach End Point Drought Consumptive Use Differences............................. 137 
Table 4.6-11 County Drought Consumptive Use Differences ............................................ 139 
Table 4.6-12  Water Use Restriction Policy Assumptions .................................................... 141 
Table 4.7-1 Flood Release Schedule for Storage < 307 Ft ..................................................... 144 
Table 4.7-2 Limerick Generating Station DRBC Policy and Simulated Policy Comparison
 ..................................................................................................................................................... 148 
Table 4.7-3 Seasonal Pool Elevations ...................................................................................... 149 
Table 4.9-1 Model Components .............................................................................................. 154 
Table 4.9-2 Verification Objectives and Components .......................................................... 157 
Table 5.1-1 Baseline Simulation Results ................................................................................. 163 
Table 5.1-2 Baseline Severity Cumulative Distribution Function ...................................... 168 
Table 5.2-1 Flow Target Variations ......................................................................................... 170 
Table 5.2-2 Conservation Release Variations ........................................................................ 170 
Table 5.2-3 Baseline Configuration Results ........................................................................... 171 
Table 5.2-4 No Hedging Configuration Results .................................................................... 174 
Table 5.2-5 Dual Zone Use Hedging Configuration Results ............................................... 176 
Table 5.2-6 Single Zone Hedging Configuration Results .................................................... 179 
Table 5.3-1 Best Performing Run per Policy Configuration ................................................ 181 
Table 5.5-1 Sensitivity Runs ..................................................................................................... 187 
ix 
 
Table 5.5-2 Baseline Sensitivity Results ................................................................................. 188 
Table 5.5-3 No Hedging Low Flow Target Low Conservation Release Sensitivity Results
 ..................................................................................................................................................... 190 
Table 5.5-4 Dual Zone Use Hedging Low Flow Target Low Conservation Release Results
 ..................................................................................................................................................... 191 
Table 5.6-1 Water Use Restriction Scenarios ......................................................................... 193 
Table 5.6-2 County Drought Consumptive Use Difference ................................................ 193 
Table 5.6-3 Drought Demand Restriction Results ................................................................ 194 
 
  
x 
 
List of Figures 
 
Figure 1.5-1 Schuylkill River Watershed and Philadelphia .................................................. 24 
Figure 2.1-1 Instream Flow Needs at Norristown .................................................................. 42 
Figure 2.2-1 Vulnerability Metric Calculation ........................................................................ 44 
Figure 2.2-2 Severity Metric Calculation ................................................................................. 45 
Figure 2.3-1 Blue Marsh Reservoir Functions ......................................................................... 48 
Figure 2.4-1 Reservoir Vulnerability Calculation ................................................................... 49 
Figure 2.4-2 Reservoir Severity Calculation ............................................................................ 51 
Figure 3.3-1 Blue Marsh Reservoir Pool Elevations and Volumes ....................................... 61 
Figure 4.1-1 Schuylkill River Model Schematic ...................................................................... 72 
Figure 4.4-1 Instantaneous and Lagged OASIS Routing Schematic .................................... 79 
Figure 4.4-2 Reading to Pottstown Response Function ......................................................... 95 
Figure 4.4-3 50th Percentile Impulse Response ........................................................................ 96 
Figure 4.4-4 Results of Routing Low Flow Period 1 ............................................................. 100 
Figure 4.4-5 RMSER50 Cumulative Distribution Sorted by Coefficients ............................ 101 
Figure 4.4-6 RMSER50 Cumulative Distribution Sorted by Time Series ............................. 102 
Figure 4.4-7 RMSER50 Cumulative Distribution Coefficient and Time Series Paring ...... 104 
Figure 4.7-1 Blue Marsh Pool Levels and Model Zone Definitions ................................... 150 
Figure 5.1-1 Baseline Full Model Period Streamflow Duration at Little Schuylkill, 
Pottstown, and Norristown ..................................................................................................... 159 
Figure 5.1-2 Baseline Full Model Period July-September Streamflow Duration at Little 
Schuylkill, Pottstown, and Norristown ................................................................................. 160 
xi 
 
Figure 5.1-3 Baseline Full Model Period July-September Streamflow Duration at 
Norristown ................................................................................................................................. 161 
Figure 5.1-4 Baseline Vulnerability Cumulative Distribution Function, Return Period 
Probabilities ............................................................................................................................... 166 
Figure 5.4-1 50 Year Return Period Maximum Event Severity ........................................... 183 
Figure 5.4-2 50 Year Return Period Maximum Event Vulnerability .................................. 184 
 
  
xii 
 
Abstract 
Metrics to evaluate alternative watershed management policy outcomes using linear 
programming optimization and simulation of the Schuylkill River watershed in 
Southeastern Pennsylvania 
Molly D. Hesson 
 
 
 
 
The thesis of this dissertation is that alternative watershed management policies should 
be compared under low and high probability drought conditions using screening 
metrics based on water depletion below critical thresholds specific to what water is used 
for at a given location.  Traditional hydrological indicators and reservoir performance 
metrics are useful to describe the performance of an individual policy, following 
comparative analysis using screening metrics.  The new metrics, vulnerability and 
severity, are dimensionless indexes that represent the depletion of water below a critical 
threshold beyond the tolerable depletion of water below that threshold.  The tolerable 
depletion of water and the thresholds that define vulnerability and severity are derived 
from what water is used for at the location the metric is calculated.  At an instream or a 
reservoir location, thresholds of water depletion may be identified that represent 
dividing lines between different uses for water.  In this project the metrics were able to 
incorporate water supply needs, ecological streamflow requirements, recreational 
boating, reservoir release water quality considerations, and emergency water storage.
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1. Introduction 
1.1. Scope of Dissertation 
The thesis of this dissertation is that alternative watershed management policies should 
be compared under low and high probability drought conditions using screening 
metrics based on water depletion below critical thresholds specific to what water is used 
for at a given location.  Traditional hydrological indicators and reservoir performance 
metrics are useful to describe the performance of an individual policy, following 
comparative analysis using screening metrics. 
This dissertation begins with an overview of watershed management policy mechanisms 
and performance metrics.  A set of new metrics are proposed to be used when 
comparing policies acting on the same watershed.  The proposed metrics are used to 
evaluate the results of a case study of the Schuylkill River in Southeastern Pennsylvania.  
The Schuylkill River is simulated using the linear optimization and simulation model 
OASIS by Hydrologics Inc., Columbia, MD.  Twenty seven policies are designed to 
create different degrees of conflict between storing water in a reservoir and releasing 
water downstream.  The policies are simulated to act on sixty four years of historical 
observed Schuylkill River streamflow data from 1947-2011.  The metrics are used to 
identify a preferred policy that minimizes both reservoir and streamflow depletion 
during low and high probability droughts in the Schuylkill River.  The case study and 
metrics are also used to evaluate the performance of drought-based demand restrictions 
and the sensitivity of the preferred policy to model uncertainty introduced by reservoir 
inflow and streamflow measurement error. 
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1.2. Watershed Management and Policy Mechanisms 
The goal of watershed management is to align the need for water with the availability of 
water.  Metrics are critical to watershed management in order to evaluate if policy 
changes have either improved or possibly reduced the ability of available water to meet 
needs.  Needs for water may be expressed for example by drinking water suppliers, 
nuclear and pass through cooling water for power generation, food and beverage 
manufacturers, commercial enterprises, manufacturing, irrigation, navigation, 
recreation, ecological health, emergency dilution, and wastewater assimilation.  The 
availability of water is often affected by seasonal trends, low and high frequency 
droughts, floods, reservoir storage, groundwater levels, streamflow levels, and water 
quality. 
In order to align available water with the various needs for water, watershed 
management employs a variety of policy mechanisms, working in combination with 
state and federal regulations such as the Clean Water Act.  Examples of watershed 
management policy mechanisms include streamflow objectives, reservoir conservation 
releases, reservoir hedging, drought demand restrictions, minimum ecological flow 
requirements, and consumptive use replacement.  Each policy mechanism is briefly 
defined and discussed in the following sections. 
1.2.1. Streamflow Objective Mechanism 
A streamflow objective, or flow target, represents the minimum amount of water 
required by law, or desired by water users, at a specific location.  Streamflow objectives 
are often maintained by upstream reservoir releases, made in anticipation of streamflow 
falling below the objective.  The design and purpose of streamflow objectives vary, for 
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example some are used designate water rights among states that share a watershed, 
maintain water quality, prevent salinity intrusion, and support navigation. 
To allocate water among states in the Delaware River watershed, releases from New 
York City owned reservoirs are required to maintain a daily streamflow objective of 
1,750 CFS at Montague, NJ that is only reduced during drought conditions (Supreme 
Court 1954; DRBC 2006).  Similar yet different is the Colorado River streamflow 
objective.  Here, states and reservoirs upstream of Lee Ferry, Arizona are required to 
ensure the total annual amount of water flowing past that location does not fall below a 
ten year running average of 75 million acre-feet (Colorado River Compact 1922).  
Additional examples of rivers that meander through multiple states and have 
streamflow objectives to designate state water rights include the Tennessee, Platte, 
Arkansas, Yellowstone, Potomac, and Rio Grande Rivers. 
Streamflow objectives may also be used to control water quality.  In the Delaware River 
watershed, there is a streamflow objective at Trenton, NJ met with the assistance of 
upstream reservoir releases (DRBC 2006).  The Trenton, NJ streamflow objective is 
designed to be of sufficient streamflow to prevent salt water intrusion during severe 
drought up the tidal freshwater Lower Delaware River.  The Raritan River watershed 
also has reservoir release supported water quality and salinity control streamflow 
objectives located at Manville, NJ and Bound Brook, NJ (NJSA 58:22-2(g) 1958). 
1.2.2. Conservation Release Mechanism 
Conservation releases are the minimum amount of water required to be released from a 
reservoir at all times.  Different reservoirs and watersheds use conservation releases to 
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support a range of needs, such as navigation, water supply, cold water fisheries, and 
minimum tributary streamflow.  Conservation releases may also be reduced during 
drought conditions to preserve reservoir storage (USACE 1996). 
1.2.3. Reservoir Hedging Mechanism 
There are many well established reservoir operating rules for hydropower, flood control, 
water quality and recreation for systems of reservoirs in series and in parallel (Lund JR 
and Guzman J 1999).  A reservoir hedging policy rations water by enacting reductions in 
reservoir releases at the onset of drought in order to conserve reservoir storage as the 
drought progresses.  Such rationing is designed to prevent catastrophic water supply 
reductions or economic damages during severe drought.  The application and 
performance of hedging policies are dependent upon high water demand relative to 
availability, otherwise the need for hedging policies to extend supply is minimal (You JY 
and Cai X 2008; You JY and Cai X 2008). 
There are several categories of hedging rules; linear, continuous, and zone-based.  With 
linear hedging rules, the size of the reservoir release increases linearly as storage 
increases until storage availability equals demand, at which point the reservoir may 
release the full demand without drawing down storage (Hashimoto T, Stedinger JR et al. 
1982; Shih JS and ReVelle C 1995).  Continuous hedging rules identify an updated 
release restriction per time step, yet given their complexity require conversion into 
discrete rules similar to the linear rules in order to simplify the recommended 
restrictions to a usable form for reservoir operators (Hashimoto T, Stedinger JR et al. 
1982; Shih J and ReVelle C 1994; Shih JS and ReVelle C 1995).  Zone-based hedging 
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divides a reservoir or series of reservoirs into specific ranges of storage volumes, which 
are then each assigned a release amount or obligation that decreases as storage decreases 
(Hirsch RM 1978). 
Hedging policies may be derived to maximize economic benefit by balancing beneficial 
releases and carryover storage (Draper AJ and Lund JR 2004); maximize annual carry-
over storage (Karamouz M and Araghinejad S 2008; Shiau JT 2011); and minimize water 
supply deficit (Shih J and ReVelle C 1994; Shih JS and ReVelle C 1995; You JY and Cai X 
2009).  Hedging policies may also be identified by drought indices and predicted water 
availability (Karamouz M and Araghinejad S 2008). 
Similar to the variety of hedging policies, they may be derived from deterministic 
simulation (Lund JR and Ferreira I 1996), stochastic programming (Srinivasan K and 
Philipose MC 1996), dynamic programming (You JY and Cai X 2008; Eum H, Kim Y et al. 
2011), a multiobjective genetic algorithm (Shiau JT 2009), mixed integer quadratic 
programming (Tu MY, Hsu NS et al. 2008), and mixed integer linear programming (Tu 
MY, Hsu NS et al. 2003). 
This research project proposes screening metrics to be used in a comparative policy 
analysis.  Among the set of policies included in the comparative analysis is zone-based 
hedging, implemented to activate and de-activate a streamflow objective (Section 1.2.1).  
This approach is another variation on hedging among the multiple descriptions of 
hedging presented in the above literature review.  The streamflow objective policy 
mechanism uses reservoir releases to supplement streamflow at a downstream location 
and the amount of the release is dependent upon the consumptive use, hydrology, and 
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micro-climate of the sub-watershed in the vicinity of the streamflow objective location.  
In this application of zone-based reservoir hedging, storage availability will be used to 
activate or de-activate the streamflow objective policy.  If storage is not available in a 
specified reservoir zone, de-activating the streamflow objective policy means that 
reservoir releases will no longer be made to supplement downstream streamflow. 
1.2.4. Drought Demand Restriction Mechanism 
Drought demand restrictions are mandatory or voluntary water use restrictions imposed 
by utilities, government or regulatory institutions, or negotiated agreements when pre-
defined periods of water supply depletion occur.  Voluntary restrictions and educational 
and informational outreach to promote conservation can induce short term reductions in 
demand, however once outreach ceases water usage eventually returns to pre-outreach 
levels (Fielding KS and et al 2013).  This observation is also supported by observations of 
drought water use in Corpus Christi Texas, where voluntary water use restrictions were 
observed to have negligible impact on water use yet mandatory restrictions were 
observed to have a 33% reduction (Shaw DT and Maidment DR 1988).  Similarly, non-
price demand management methods, including voluntary restrictions, were estimated to 
reduce water demand by 1.1-4% in the Southwestern United States (Michelsen AM, 
McGuckin JT et al. 1999).   
In California from 1990-1991, mandatory quantity restrictions paired with pricing 
incentives and educational campaigns are estimated to have reduced residential water 
use by 14.1% (Dixon LS, Moore NY et al. 1996).  On a more comprehensive level, a study 
of the ability of water markets to redistribute available water to industries and towns 
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that experience the greatest economic damage from drought in the Rio Grande 
estimated that water markets operating outside existing water management jurisdictions 
may reduce future drought damages by 20-33%(Booker JF 2005). 
Depending upon whether the demand restriction is voluntary or mandatory with 
pricing incentives greatly influences the ability of this policy mechanism to reduce water 
usage during drought. 
1.3. Watershed Management Performance Metrics 
The ability to define how well a watershed is managed and to determine which policy 
mechanisms to adjust to gain desired improvements, depends upon metrics to 
determine if the amount of water needed is available at a specific time and location.  
Multiple types of metrics exist to identify if watershed management policies are meeting 
the timing (climatic and seasonal), quantity, and location specific demands for water.  
There are three types of metrics described here, hydrological indicators, reservoir 
performance metrics, and water availability metrics.  The most effective characteristics 
of existing metrics are highlighted and a new set of metrics are recommended to 
simplify the policy comparison process. 
1.3.1. Hydrological Indicators 
Hydrological indicators include streamflow, soil moisture, groundwater, and 
precipitation statistics used to describe extreme and normal climatic conditions or 
events.  With regards to streamflow, two common categories of hydrological indicators 
include exceedence curves and return period calculations. 
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Exceedence curves, also called flow duration curves, identify the cumulative frequency 
of a specific streamflow interval class (Searcy JK 1959).  A higher exceedence percentage 
represents a lower streamflow, and very low exceedence percentages represent flood 
conditions.  The 90% and 95% exceedences are used as drought indicators and have 
recently been adopted by the Susquehanna River Basin Commission as metrics that 
represent instream ecological needs for the mainstem of medium (>1,000 square miles) 
and large (> 5,000 square miles) watersheds respectively (SRBC 2012).  Cumulative 
frequency streamflow statistics are extremely useful to describe observed low 
streamflow conditions.  However, they give no indication of whether the high 
exceedences are due to consecutive days of low streamflow or more distributed days of 
low streamflow. 
Another class of hydrological indicators includes return period, or recurrence interval, 
based statistics.  The return period is the inverse of the probability of a specific annual 
streamflow, or annual streamflow statistic (Riggs HC 1972).  The streamflow statistic of 
interest may be expected to occur on average once out of every return period.  10 and 50 
years are common drought return periods, and 100 years is a common flooding return 
period.  Drought return period statistics are a combination of a minimum annual 
average streamflow statistic derived from a specific number of consecutive days, 
commonly 7 or 30, coupled with a return period, such as 10, 30 or, 50 years.  Return 
period statistics may be used to evaluate surface water, groundwater, and baseflow 
contributions (Sloto RA and Buxton DE 2006; Stuckey MH 2006).  The combination of 
minimum annual 7-day average streamflow and 10 year return period, 7Q10, is a widely 
used statistic to develop pollution assimilation and Clean Water Act wasteload 
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allocations (EPA 1986; 2007; Apse C, DePhilip M et al. 2008) and aquatic life protection 
criteria (EPA 1993). 
In order to calculate return period statistics, the number of years used to calculate the 
statistic must exceed the return period.  For example, a ten year statistic must be 
calculated with more than ten years of data.  It is critical to use as many years of data as 
are available to calculate recurrence interval statistics given the contribution of multi-
decadal climatic forces to drought conditions, such the contribution to Mid-Atlantic and 
New England droughts by the North Atlantic Oscillation in a negative phase 
position(Visbeck MH, Hurrell JW et al. 2001; Bradbury JA, Dingman SL et al. 2002; 
Kauffman GJ and Vonck KJ 2011). 
1.3.2. Reservoir Performance Metrics 
Reliability, resilience, and vulnerability are metrics used to describe the frequency, 
recovery, and severity of failure of a reservoir or series of reservoirs to achieve 
operational goals.  Reliability is the probability of success of the system to achieve an 
objective, such as the frequency of time that a flow target is achieved.  Resilience is the 
ability of the system to recover from a failure, or the probability of recovery from a 
failure.  Vulnerability measures the magnitude of failure. 
Depending upon the reservoir analyzed, these performance metrics can be reformulated 
for economic, power output, or water delivery objectives.  Foundational work in the 
analysis of these metrics observed tradeoffs in reservoir performance, where high 
reservoir reliability at a given performance threshold (flow target) is accompanied by 
high vulnerability (Hashimoto T, Stedinger JR et al. 1982).  When a reservoir is operated 
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to reduce the frequency of failure, the reservoir will have to make small to moderate size 
releases often to meet desired flow criteria.  High vulnerability results from this practice 
because the water is not saved to offset high magnitude failures.   
Hashimoto used stochastic dynamic programming to model summer irrigation releases 
from a reservoir under multiple operational policies exhibiting varying degrees of 
hedging.  A mixed integer linear programming model incorporating all three 
performance metrics in the objective function and constraint set also observed that high 
vulnerability coincides with high reliability and resilience (Moy WS, Cohon JL et al. 
1986).  New constraints were added to the model to define the minimum desirable 
resilience and account for reservoir spillage, which generated improvements in 
resilience from the original results (Srinivasan K, Neelakantan TR et al. 1999).  Resilience 
exhibits the greatest sensitivity, or highest percentage of change, to adjustments in 
reservoir operational policies; second is vulnerability, and then reliability (Srinivasan K 
and Philipose MC 1998; Srinivasan K, Neelakantan TR et al. 1999; Jain SK and Bhunya 
PK 2008).  This is because if reservoir hedging policies increase reservoir storage even 
marginally during a subset of a drought, this will break up the continuity of shortages 
from long duration events to a series of smaller events, denoting a greater recovery 
which is captured by the resilience metric (Srinivasan K and Philipose MC 1998).  Such 
behavior could provide critical relief to drinking water suppliers downstream who may 
be able to replenish raw and treated water storage infrastructure during the brief 
recovery periods provided by shorter duration streamflow deficits. 
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Reliability is considered a monotonic estimator of reservoir performance, because when 
storage increases the reliability of the system will increase.  Resilience and vulnerability 
have been observed to exhibit non-monotonic behavior when their equations 
incorporate mean duration and mean deficit volume of a failure sequence (Kundzewicz 
Z 1983; Kjeldsen TR and Rosbjerg D 2004; Jain SK 2009; Jain SK 2010).  Adjustments to 
the resilience and vulnerability equations of Hashimoto (1982) are recommended to 
incorporate the maximum duration and maximum deficit volume of a failure sequence 
when used in conjunction with synthetic streamflow records at least 1,000 years long.  
However, in the study of a hydropower reservoir, the use of mean duration and deficit 
were recommended and not the maximum values (Jain SK 2009).  As opposed to 
hydropower, reliability metrics designed to focus on instream water supply would need 
to incorporate maximum event deficits, not average, so the metric represents the worst 
scenario water suppliers would need to deal with operationally.  A consideration of 
average deficits would likely underestimate water supply shortage and could hinder 
emergency responses to deal with the shortage. 
The applications of the metrics described are used to investigate the size of the reservoir 
required to achieve a desired performance, and thorough comparisons of specific metric 
definitions are available (McMahon T, Adeloye AJ et al. 2006).  Metrics that compare 
reservoir performance under alternative policies, where the reservoir size remains the 
same, are more typically used by the Army Corps of Engineers and state agencies tasked 
with optimizing the performance of existing facilities or re-allocating water storage 
(McMahon GF 2004).  Such metrics also do not incorporate the concepts of reliability, 
resilience, and vulnerability.  In a recent reallocation study of Youghiogheny Lake, 
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located in southwestern Pennsylvania and owned and operated by the Army Corps of 
Engineers, the 7Q10, streamflow duration, and reservoir drawdown curves for 25th 
percentile conditions were the three metrics used to assess alternative policy 
performance (USACE 2002).  State and federal water resources management agencies 
use combinations of reservoir characteristics and hydrologic indicators to assess water 
availability and reservoir operation performance. 
1.3.3. Water Availability Metrics 
Water availability is defined by a hydrological indicator or a percentage of a 
hydrological indicator, similar to those discussed in Section 1.3.1.  Often water 
availability metrics are used by water analysts or regulatory authorities as planning 
thresholds that indicate the amount of water at a given location that may be withdrawn 
for water supply, cooling water, manufacturing, irrigation, and other uses.  The benefit 
of water availability metrics are that they are also used to define conditions where all 
water needs may not be met during a time of drought, and in such cases a revision of 
watershed management and planning is necessary (PADEP 2009). 
An example from the Delaware River Basin is presented to show the difficulty in 
defining water availability.  The Pennsylvania Department of Environmental Protection 
(PADEP) and USGS partnered to identify areas in Pennsylvania where critical water 
planning was necessary if the sub-watershed was identified to have net withdrawals 
greater than or equal to 50% of the 7Q10 (Stuckey MH 2008).  Net withdrawals may be 
referred to as consumptive use, the difference between discharges and withdrawals 
upstream of a specific location.  In this example from Pennsylvania where water 
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availability is defined as 50% of the 7Q10, consumptive use above 50% of the 7Q10 is 
indicative of water stress conditions where all water needs may not be met in a time of 
drought.  Located within Pennsylvania and withdrawing from the Schuylkill River, the 
City of Philadelphia Water Department defines water availability as consumptive use 
less than 50% of the 1 in 25 year annual average baseflow (PWD 2010).  According to the 
Philadelphia definition of water availability, water stress conditions occur when 
consumptive use exceeds 50% of the 1 in 25 year annual average baseflow.  
Groundwater withdrawals from the Schuylkill River are limited by the Delaware River 
Basin Commission to 100% of the 1 in 25 year annual average baseflow (DRBC 1999).  
Additionally, a comprehensive analysis by the Army Corps of Engineers uses three 
definitions for water availability in the Delaware River Basin; 7Q10, 95% exceedence, 
and September median streamflow minus the 7Q10 (USACE 2008). 
The intention of water availability metrics is to identify if water is available for use, or if 
water is already used to the extent that drought conditions do not provide enough water 
for existing uses.  The definitions of water availability metrics are highly variable and 
may not be in agreement among regulatory agencies, yet they are extremely beneficial in 
concept because they try to relate water resources to water use. 
1.3.4. Summary of Metrics 
Hydrological indicators, reservoir performance metrics, and water availability metrics 
communicate different natural and anthropogenic effects of the amount of water 
observed in reservoirs and rivers.  As watershed management policies are developed 
and adjusted over time to accommodate changing water needs, the metrics used to 
14 
 
analyze watershed management policy mechanisms often have too broad a resolution 
for daily water supply operations.  In addition, several must be used in combination 
with one another to explain policy characteristics, and there may be little agreement of 
the definition of some metrics much less their interpretation. 
The strengths and limitations of existing metrics are summarized below in Table 1.3-1.  
The objective of this research project is to propose new metrics that will improve upon 
existing metrics. 
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Table 1.3-1 Summary of Metrics 
Metric Category Pros Cons 
Hydrological Indicators 
Return period analysis 
extremely valuable to study 
low and high frequency 
drought The resolution of 7-day 
average streamflow is too 
broad for day to day 
operational decisions. 
Return period analysis is 
extremely flexible, in that it 
may be coupled with a broad 
range of annually derived 
streamflow or reservoir 
statistics 
Reservoir Metrics 
Resilience metrics respond the 
most to hedging, because 
small reservoir gains break up 
large supply deficits into 
multiple smaller supply 
deficits 
Metrics do not take into 
account ancillary impacts of 
declining reservoir storage, 
such as the loss of boating and 
reliance on bottom releases 
often high in dissolved metals 
Vulnerability metrics reflect 
the maximum water deficit in 
a given drought or critical 
period 
Resilience, reliability, and 
vulnerability metrics are used 
in combination to describe 
reservoir performance, which 
is an analytical burden and 
difficult to communicate 
Water Availability 
Attempt to reflect how much 
water is used at a given 
location and the limit to which 
water should be used at a 
given location 
Definitions vary greatly 
Difficult to interpret wide 
variety of definitions 
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1.4. Watershed Management Simulation Tools 
In order to compare the performance of watershed management policies, a model is 
required to simulate reservoir and hydrological responses to policy changes to generate 
results to be analyzed with performance metrics.  Optimization models are used to 
identify the performance and feasibility of policies that govern how water is stored and 
released to accomplish a set of often competing objectives.  Detailed reviews of reservoir 
optimization models can be found in Wurbs (1993) and Labadie (2004).  Optimization 
models simulate basin conditions and are driven by algorithms that solve for decision 
variables using multiple iterations until all constraints are satisfied and the objective 
function as defined is maximized or minimized (Wurbs RA 1993).  The following 
literature review describes linear and dynamic programming optimization approaches 
and models. 
There are several mixed integer optimization models available commercially and 
currently in use across the U.S.  Models such as OASIS (Randall D, Houck MH et al. 
1990; Randall D and al 1997), HEC-FCLP (Needham JT, Watkins DW et al. 2000), CalSim 
(Draper AJ and al 2004), and RiverWare (Zagona EA and al 2001) incorporate non-
network flow constraints directly into the linear program.  CalSim and OASIS both use 
the XA linear program solver and the programming language of CalSim called WRESL 
is modeled after the OASIS programming language OCL.  Other network flow-based 
linear programming models such as MODSIM (Fredericks JW, Labadie JW et al. 1998) 
and REALM (Perera B, James B et al. 2005) use successive iterations to achieve a global 
optimum.  All of the models optimize for one time step and some (OASIS, CalSim, 
RiverWare) have the capacity to optimize for multiple time steps, which is most useful 
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when applying short term forecasts of streamflow or precipitation to anticipate and 
optimize hydropower generation or revenue. 
In a comprehensive review of modeling techniques and available models, Labadie 2004 
and Wurbs 1993 both identify fast solve times, large multi-reservoir system capabilities, 
convergence to global optimal solutions, and an easily understood and readily available 
algorithm as benefits to using the linear programming optimization technique.   
Drawbacks to using linear programming optimization include the inability to directly 
incorporate non-linear functions without linear transformation (ex. hydropower) and 
inaccuracies in the iterative process used to solve non-network non-linear constraints 
(Ilich N 2001; Ilich N 2008; Ilich N 2009).  Examples of non-network constraints include 
the flow from a canal, which is dependent upon the discharge of the river it is entering, 
the release from an unregulated weir given the elevation of the reservoir, or canal 
seepage losses dependent upon the amount of water in the canal.  The unregulated 
discharge from a reservoir overflow spillway must be linearized in a linear 
programming model in order to approximate the spillway discharge at a given 
surcharge storage elevation.  Non-network constraints also occur when non-linearities 
are introduced through routing equations based on dependencies of downstream 
streamflow on upstream streamflow at the same time step, a common phenomenon in 
water resources.  To avoid introducing non-linearities, a routing methodology must be 
selected that is linear when using a linear programming optimization model. 
Dynamic programming is an optimization technique used to solve multistage problems.  
Dynamic programming is commonly applied to reservoir operation problems that 
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require a combination of linear and non-linear constraints, such as the operation of 
hydroelectric dams. 
Dynamic programming separates systems into sub-problems or stages.  Each stage is 
part of a system state, and the system state changes based on specific decision variables.  
System states will only transition from one stage to the next within user defined 
boundaries, or constraints.  As applied to reservoir operations, a state variable would be 
one zone of a reservoir and the stages are one time step. 
For given number of reservoirs N, discretized into M storage zones, the state space 
expands to MN for each time step.  The exponential increase in dimensionality of the 
problem is the biggest drawback to dynamic programming models applied to large 
reservoir networks.  This problem leads to long run times, can exceed computer storage 
capabilities, and limits dynamic programming to reservoir systems with a small number 
of reservoirs or densely discretized systems(Esogbue AO 1989; Wurbs RA 1993; Labadie 
JW 2004; Nandalal KDW and Bogardi JJ 2007).  There have been several attempts to 
reduce what has been called the ‘curse of dimensionality’ of dynamic programming.  
New methods called incremental dynamic programming, decomposition methods, 
aggregation, and disaggregation procedures are reviewed in Nandalal and Bogardi 2007.  
Following the review of dynamic programming in Nandalal and Bogardi 2007, the 
authors concluded that given recent attempts to reduce dimensionality, the method of 
dynamic programming is still not applicable to river basins containing large numbers of 
discretized reservoirs. 
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The optimization techniques summarized are compared based upon their applicability 
to modeling a watershed and generating the data required to perform a comparison of 
policy performance using probabilistic metrics.  Watershed characteristics are presented 
below in Table 1.4-1 and compared against the capabilities of dynamic and linear 
programming techniques to identify the benefits and drawbacks of each technique. 
 
 
 
Table 1.4-1 Dynamic and Linear Programming Comparison 
Watershed Characteristics Dynamic Programming* Linear Programming 
Parallel reservoir 
programming 
Capable, but leads to 
dimensionality problems Capable 
Multiple zone reservoir 
storage programming 
Capable, but leads to 
dimensionality problems Capable 
Streamflow objective 
programming Capable Capable 
User programmable decision 
variables and constraints 
Capable, but leads to 
dimensionality problems Capable 
Decision variable and goal 
prioritization 
Capable, but leads to 
dimensionality problems Capable 
Single time-step optimization Capable Capable 
Inter-basin and intra-basin 
water deliveries Capable Capable 
Minimum 50-year daily 
simulation 
Not capable, exacerbates 
dimensionality problems Capable 
Prescriptive policy output Capable Not Capable 
* The majority of these conclusions are explained in detail in Chapter 5 of Nandalal and Bogardi 
2007 covering the operation of large-scale reservoir systems 
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In the above comparison with all desired characteristics and capabilities taken together, 
dynamic programming would be a limiting choice for this research project.  Linear 
programming allows more flexibility in expanding the discretization of the watershed 
and additional reservoirs, even if the immediate model discretization may be handled 
by dynamic programming.  One critical drawback to applying dynamic programming to 
this research is the difficulty in running a long time period in order to study system 
performance over a range of conditions captured by the historical record.  This research 
proposal aims to develop and test a process by which to select among desirable policies 
according to low probability and high probability vulnerability and reliability tradeoffs.  
Such an analysis requires that model simulation extend past the return period of the 
defined low-probability occurrence; which in this analysis is 50 years. 
There are three commercial models driven by a mixed-integer linear programming 
solver: RiverWare, CalSim, and OASIS. 
RiverWare  
RiverWare was developed by the Tennessee Valley Authority, U.S. Bureau of 
Reclamation, and the University of Colorado’s Center for Advanced Decision Support 
for Water and Environmental Systems.  A detailed description of RiverWare can be 
found in Zagona et al 2001.  Model users work within an interface that prompts for 
model inputs as nodes and conveyances are added to the system.  RiverWare also 
includes a language to translate policy and water rights into constraints, non-network 
constraints, and decision variables.  Data is incorporated as either time series or table 
data accommodating inputs ranging from daily inflow data to demand patterns.  Similar 
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to general linear programming, the constraints are automatically assigned by the solver 
including the conservation of mass at all arcs, nodes, and demands.  The Tennessee 
Valley Authority uploads forecasted streamflow data into RiverWare and uses the 
multi-period optimization function to anticipate hydroelectric power generation so that 
the utility can co-ordinate all sources of power accordingly. 
California Water Resources Simulation Model (CalSim) 
CalSim was developed by the California Department of Water Resources and the U.S. 
Bureau of Reclamation for application to the California State Water Project and the 
Central Valley Project.  A detailed description of CalSim can be found in Draper et al 
2004.  Although the name clearly denotes its origin as a California model, CalSim can be 
applied to any river basin.  CalSim is a mixed integer linear program that employs the 
XA Linear Program Solver by Sunset Software.  Constraints, non-network constraints, 
and decision variables in CalSim are written using the Water Resources Simulation 
Language (WRESL).  CalSim is very similar to RiverWare and OASIS given the presence 
of a user-interface to add components to the system, the constraint writing language, 
and the application to reservoir systems with multiple discretized reservoirs.  CalSim 
can also run single time-step optimization or multi-period optimization.  This model is 
used in California to study projected water shortages and potential infrastructure 
projects. 
Operational Analysis and Simulation of Integrated Systems Model (OASIS) 
OASIS is the model currently being used by the Delaware River Basin Commission and 
the New York City Department of Environmental Protection to optimize reservoir 
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operations and explore policy alternatives.  OASIS is a mixed integer linear 
programming reservoir optimization model that employs the commercial XA Linear 
Program Solver by Sunset Software (similar to CalSim).  Inherent in OASIS is the 
specially developed Operations Control Language (OCL) which translates water 
management policies into constraints, non-network constraints, goals, and decision 
variables.  External modules can be run parallel to OASIS, providing users with the 
ability to incorporate for example the results of rainfall-runoff or groundwater models 
into OASIS simulations.  OASIS optimizes once each time-step, which can be defined at 
daily, weekly, or monthly intervals.  OASIS has the capability to perform multiple-
period optimization, with applicability to hydroelectric revenue and output 
optimization (Dean Randall, personal communication September 2009).  OASIS, and its 
parent company Hydrologics Inc., have been employed across the U.S. in the Delaware 
River and New York City Reservoir System, Kansas River, Roanoke River, and South 
Florida Water Management District. 
In summary, the three mixed integer linear programming river basin models RiverWare, 
CalSim, and OASIS are similar in almost every way.  OASIS is chosen to be the best 
mixed integer linear programming model to use given its existing configuration to the 
Delaware River Basin and New York City supply, and its ability to run external modules 
in parallel.  OASIS and its MIP engine offer fast processing, flexibility to program layers 
of decision variables, the ability to incorporate non-network constraints, single time step 
optimization, and the capability to run external modules in parallel.  Ancillary benefits 
of OASIS include acceptance by regional governing bodies, application to diverse river 
systems, and an accessible experienced technical staff. 
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Given the desirability of linear programming over dynamic programming, there is a 
drawback to OASIS in that it is a descriptive optimization model.  Prescriptive policy 
options can only be attained through manual manipulation of constraint definitions and 
manual iterations to compare policies against one another.  This problem is inherent to 
all linear programming optimization models examined in this review.  This is an 
impetus to test and identify a policy performance selection process, such as the metrics 
and approach proposed by this research project.  The linear programming models are 
powerful and flexible simulation tools, but there is no streamlined process to compare 
policy performance as well as the performance of individual policy approaches. 
1.5. Case Study – Schuylkill River Watershed, Southeastern Pennsylvania 
The Schuylkill River watershed is located in Southeastern Pennsylvania and provides 
drinking water to approximately 1.75 million people.  The largest drinking water 
supplier in the Schuylkill River watershed is the Philadelphia Water Department (PWD), 
which supplies approximately 500,000 people, or 40% of the population of Philadelphia, 
with water from two Schuylkill River intakes.  The PWD intakes are the two most 
downstream withdrawals taken from the freshwater portion of the Schuylkill River.  
Over two miles downstream of the second PWD intake and below Fairmount Dam, the 
Schuylkill River is tidal and the water is unsuitable for drinking water supply given 
conventional treatment, Figure 1.5-1. 
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Figure 1.5-1 Schuylkill River Watershed and Philadelphia 
 
 
 
The population distribution in the Schuylkill River watershed has changed significantly 
over the Twentieth Century.  When Philadelphia was a dominant manufacturing and 
industrial city prior to the 1930s, over 60% of the regional population of Southeastern 
Pennsylvania and Southern New Jersey resided in Philadelphia and received their water 
from the PWD.  As the economic base of the region shifted and manufacturing declined, 
population began to disperse into the suburbs, and towns upstream of Philadelphia on 
the Schuylkill River began to grow.  In 2000, Philadelphia comprised just 30% of the 
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regional population, and the surrounding counties grew as development shifted to 
suburban communities (DVRPC 2006). 
The shift in population from a downstream, centralized location to an upstream, 
distributed location has altered the quantities and locations along the Schuylkill River 
where water is withdrawn and returned through wastewater treatment plants.  The 
PWD conducted a detailed water budget analysis in 2010 (PWD 2010) to understand 
where water is withdrawn and returned to the river, and how much consumptive use 
occurs upstream of the PWD intakes.  The PWD made three critical observations that 
emphasize the need to explore watershed management strategies through hydrological 
modeling. 
The PWD observed that the Schuylkill River is approaching water stress conditions.  
Water stress is defined by PWD as total watershed freshwater consumptive use in 
exceedence of 50% of the 1 in 25 year annual average baseflow of the Schuylkill River 
(989 CFS).  The consumptive use upstream of the city intakes is estimated on average to 
be 219 CFS, or 22% of the 1 in 25 year annual average baseflow.  When upstream 
consumptive use is added to the PWD daily average withdrawal of 193 CFS, the 
Schuylkill River freshwater consumptive use is estimated to be 42% of the 1 in 25 year 
annual average baseflow (PWD 2010).  The PWD wastewater treatment plants are 
located in the tidal portion of the Schuylkill River where the water resource is 
unavailable for potable supply, so the PWD withdrawals were considered 100% 
consumptive in the 2010 analysis.   
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The PWD study results indicate there is only marginal instream water available to offset 
increases in consumptive use before the Schuylkill River is in water stress.  The 
upstream and downstream consumptive use estimates are nearly proportional, 22% and 
20% of the 1 in 25 year annual average baseflow.  Given those results and the small 
margin for increases in consumptive use, the second critical PWD study observation is 
that any increase in upstream consumptive use reduces the drinking water availability 
to Philadelphia.  The city intakes are the most downstream withdrawals along the 
freshwater non-tidal section of the Schuylkill River. 
The third observation made by PWD in the 2010 analysis was that the maximum 
summer demand of 285 CFS is not provided by the Schuylkill River 2% of the time as 
measured by the USGS 01473500 Norristown gauge during July to September 2001 to 
2009.  Additionally, tidal Schuylkill River minimum ecological considerations require at 
least 100 CFS at Fairmount Dam at all times to ensure operation of the fish ladder.  PWD 
observed the maximum summer demand plus 100 CFS, for a total of 385 CFS, was not 
available 6% of the time at Norristown during the July-September period from 2001-
2009.  The Norristown gauge is the closest gauge upstream of the PWD intakes, and 
represents the amount of water available to PWD for drinking water supply. 
The PWD is funding this research project in order to understand what integrated 
drought management policies may be available to the Schuylkill River watershed that 
would provide summer demand and at least 100 CFS to operate the Fairmount Dam fish 
ladder and support aquatic life in the tidal Schuylkill year round. 
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1.6. Existing Watershed Management Policy Mechanisms 
There are three low streamflow conditions-related policies active in the Schuylkill River 
watershed relative to this research: minimum release criteria from Blue Marsh Reservoir, 
Delaware River Basin Commission (DRBC) directed releases from Blue Marsh Reservoir, 
and policies requiring augmentation of the Schuylkill River to replace water evaporated 
to the atmosphere from the cooling towers of the Limerick Nuclear Generating Station 
(LGS). 
In the Schuylkill River watershed the largest water body is Blue Marsh Reservoir.  Blue 
Marsh is owned and operated by the Army Corps of Engineers and is located on the 
Tulpehocken Creek, a tributary that enters the Schuylkill River near Reading.  The 
drainage area of Blue Marsh is 219 square miles, and according to current policies the 
reservoir has 6.48 billion gallons (290-261 feet elevation NGVD) of usable storage in the 
summer and 4.76 billion gallons (285-261 feet elevation NGVD) of usable storage in the 
winter.  The operational policies of Blue Marsh are designed to provide flood control to 
the Tulpehocken Creek and Schuylkill mainstem, water quality control for the 
Tulpehocken Creek, and water supply for the Western Berks Water Authority (USACE 
1996).  The Delaware River Basin Commission (DRBC) has purchased 8,000 acre-feet of 
water supply storage, to be used for water supply, water quality control, and salinity 
repulsion of the lower Schuylkill and Delaware Rivers.  Detailed information about 
current Blue Marsh operational procedures may be found in the 1996 Water Control 
Manual (USACE 1996). 
28 
 
1.6.1. Conservation Release – Blue Marsh Reservoir 
The Blue Marsh minimum release criterion is 59 CFS; 41 CFS for conservation of the 
Tulpehocken Creek, and 18 CFS for the Western Berks Water Authority located 
approximately one mile downstream of the dam.  At all times the dam must release at 
least 59 CFS.  When accounting for the minimum release from total storage, the water is 
classified as a use from the water quality function of the reservoir.  The water quality 
release may be made from the selective withdrawal elevation release works to meet 
water quality guidelines for pH, dissolved oxygen, and water temperature outlined in 
the Manual Table 1.  Water quality storage is not a separate pool or level of water within 
the reservoir; it is an accounting classification for the use of the water.  According to the 
Manual, the summer water quality storage is 3.88 Billion Gallons (11,895 Acre-Feet) and 
the winter water quality storage is 2.16 Billion Gallons (6621 Acre-Feet). 
1.6.2. Salinity Repulsion DRBC Directed Releases – Blue Marsh Reservoir 
The DRBC directed releases are a function of criteria located on the mainstem Delaware 
River and are designed to support the management of Delaware Estuary salinity during 
drought conditions; policies of which PWD is a primary beneficiary.  DRBC has a 
contract with the Army Corps of Engineers for 8,000 Acre-Feet (2.61 billion gallons) of 
water stored in Blue Marsh Reservoir.  The DRBC storage is used to make releases 
governed by the policies contained within the Agreement of the Parties to the 1954 U.S. 
Supreme Court Decree Flexible Flow Management Program 2012 (FFMP) and the DRBC 
Water Code 18 CFS Part 410 with amendments through 2006.  The FFMP implements a 
Delaware Basin-wide reservoir hedging program based a schedule of flow targets for 
normal conditions and reduced targets for drought conditions to preserve reservoir 
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storage.  Blue Marsh reservoir is used to support the equivalent Trenton, NJ flow target 
schedule.  The Trenton flow target is described as equivalent because Blue Marsh 
reservoir releases enter the Delaware River at the Schuylkill River confluence, which is 
located downstream of Trenton, NJ.  Releases from Blue Marsh reservoir that are 
directed by the DRBC count towards meeting the equivalent Trenton, NJ flow target.  
The underlying assumption is that the equivalent Trenton, NJ flow target represents an 
amount of water that provides equal salinity control whether the water enters the 
Delaware Estuary at Trenton or in combination with the Schuylkill River at 
Philadelphia, PA.  Additional examples of directed releases include a Merck cyanide 
spill in June 2006, a mass die-off of Asiatic clams in September 2008, and extreme low 
streamflow at Philadelphia in 2010.   
The DRBC directed Blue Marsh releases are intermittent in timing and magnitude.  The 
releases are designed to supply the difference between observed streamflow at USGS 
01463500 and the equivalent Trenton target in FFMP Tables 1 and 2.  Blue Marsh 
Reservoir is one in a series of 8 reservoirs that may make releases to meet the Trenton 
target across eastern Pennsylvania and southeastern New York.  It takes approximately 
two days for releases from Blue Marsh Reservoir to be observed at Norristown.  The 
DRBC directed releases are removed from the baseline model, described in Section 3.1 
and Appendix C, because the focus of this research is to explore the relationship 
between integrated drought management policies and the metrics to assess their 
performance as driven by conditions and measured at locations within the Schuylkill 
River watershed. 
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1.6.3. Consumptive Use Augmentation Releases – Limerick Generating Station 
The Limerick Generating Station (LGS) owned by Exelon Corporation is located on the 
Schuylkill River at Limerick, PA.  LGS operates two boiling water reactors with unit 
output of 1,170 MWe (3,515 MWt) and facility output of 2,340 MWe (7,030 MWt) (NRC 
2011).  The reactors are cooled through two reinforced concrete hyperbolic natural draft 
cooling towers.  The amount of water lost to the atmosphere through evaporative 
cooling while both units are operating to meet maximum demand is 44 MGD.  The 
facility also requires 14.2 MGD for maintenance of cooling water properties, which is 
discharged as blowdown.  LGS operates two water intakes in the Schuylkill River to 
provide cooling water and supply redundancy; one on the Perkiomen Creek and one on 
the Schuylkill River. 
According to DRBC DocketD-1969-210-CP-13, both cooling water supply intakes are 
subject to no-net-loss of water requirements during low streamflow conditions on the 
Schuylkill River and Perkiomen Creek.  LGS is required to augment the Schuylkill River 
watershed with the amount of cooling water lost through evaporative cooling, plus 3% 
increase to compensate for evaporative loss during transit from the augmentation 
source, when conditions fall to 560 CFS as measured by USGS 01472000 Pottstown, and 
210 CFS as measured by USGS 01473000 Graterford.  The Schuylkill River intake is 
located downstream of Pottstown and the Perkiomen Creek intake is located 
downstream of Graterford. 
LGS has contracts with three sources of water for augmentation of the Schuylkill River 
when the Pottstown and Graterford conditions below the policy triggers, Still Creek 
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Reservoir, Wadesville Mine Pool, and Bradshaw Reservoir.  Still Creek Reservoir is 
owned by the Tamaqua Area Water Authority, and is located in the headwaters of the 
Little Schuylkill River.  Wadesville Mine Pool is operated by Reading Anthracite, an 
active open pit mine located in St. Clair in the headwaters of the Schuylkill River.  
Bradshaw Reservoir is a collection point for water transmitted from the Delaware River 
through the Point Pleasant Diversion System and discharges to the East Branch 
Perkiomen Creek.  Augmentation requirements are lifted when streamflow conditions 
rise above the policy triggers of 560 CFS at Pottstown and 210 CFS at Graterford.  LGS is 
also required to maintain a minimum flow of 10 CFS on the East Branch Perkiomen 
Creek year round, as measured by USGS 01472620 Dublin. 
1.6.4. Drought Demand Restrictions – Pennsylvania 
In Pennsylvania, the process that identifies the occurrence and severity of drought is 
based on policy maker recommendations that take into account five drought indicators 
per county.  Each county has one location for each drought indicator that may record 
precipitation, streamflow, groundwater, soil moisture, or reservoir storage (PADEP 
2010).  The monitoring location for each parameter is typically distributed across the 
county; all parameters are not monitored at one location.  According to this process, the 
designated county drought streamflow monitoring location and precipitation 
monitoring location may be tens of miles apart, and in different watersheds.  Once 
county indicators reach a drought trigger, the state convenes the Commonwealth 
Drought Task Force to meet, review data, and deliberate on whether to issue a formal 
declaration.  The formal declarations are then issued on a county-by-county basis. 
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In Pennsylvania there are three categories of drought declarations; watch, warning, and 
emergency.  Each drought category includes voluntary water use restrictions for all non-
essential uses. 
Drought Watch - 5% voluntary water use restriction 
Drought Warning - 10-15% voluntary water use restriction 
Drought Emergency - 25% voluntary water use restriction 
The Pennsylvania voluntary use restrictions will be used as guides in this research 
project to simulate decreases in consumptive use according to hydrologic condition.  A 
drought trigger will be developed and automatically programmed into the model to 
impose simulated decreases in consumptive use from reach to reach. 
1.7. Summary 
This introduction presents the concept of watershed management as a combination of 
policy mechanisms that work together to meet the water needs of a given area.  
Watershed management policies are analyzed by numerous metrics, categorized as 
hydrological indicators, reservoir performance metrics, and water availability metrics.  
Each category of metrics has benefits and limitations.  A hydrological model of the 
Schuylkill River watershed, using OASIS, is developed to test metrics described in 
Chapter 2 that are designed specifically to overcome the limitations of existing metrics. 
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2. Vulnerability and Severity Metrics 
Metrics called vulnerability and severity are proposed to be used in comparative 
analysis of watershed management policy mechanisms and support policy selection 
using a daily water allocation and reservoir optimization model such as OASIS.  As they 
relate to daily simulation modeling, the proposed metrics aim to combine the benefits, 
while attempting to remove the limitations, of existing hydrological indicators, reservoir 
performance metrics, and water availability metrics. 
To study watershed management with a daily simulation model, the limitations of 
hydrological indicators are that the 7-day average streamflow used to calculate the 
common 7Q10 metric is too broad a resolution to capture severe sub-weekly declines in 
streamflow that may be catastrophic to drinking water or cooling water intakes located 
on rivers.  A similar criticism may be made of the 95% exceedence which, in addition to 
having a broad resolution, does not indicate if the days of low streamflow that comprise 
the statistic are consecutive.  Reservoir resilience, reliability, and vulnerability metrics 
are three very different concepts that describe extremely complex interactions between 
how changes in reservoir size or hedging policies influence the ability of the reservoir to 
meet scheduled delivery objectives.  The reservoir metrics do not inform if negative 
impacts to other parties are occurring when storage is depleted, such as bottom releases 
introducing dissolved metals into the watershed, the loss of recreational boating, or the 
loss of reservoir storage that may be used to flush or dilute accidental pollution releases 
from a river system.  Water availability metrics are defined many different ways.  The 
lack of consensus on the definition of water availability makes it especially difficult to 
interpret the meaning of improvement in such a metric due to policy changes. 
39 
 
Benefits of existing metrics that are critical to policy analysis include the use of return 
periods to study low and high frequency droughts, sensitivity to small changes in 
reservoir storage, measurement of maximum reservoir storage depletion per year, and a 
reflection of how much water is needed at the location the metric is calculated (Table 1.3-
1).  One additional improvement this work will add to policy performance metrics is 
that conceptually, the definition of the metric should be transferable between an 
instream location and a reservoir.  This will allow policy makers to only have to learn 
the concept of one metric, rather than learning the concept and practicality of multiple 
types of metrics. 
Presented in this section are vulnerability and severity metrics, both of which are: 
1. Similar in concept, where severity is simply descriptive of conditions that experience 
greater water deficits than vulnerability. 
2. Similar in design, where severity and vulnerability metrics may be designed for both 
an instream location and a reservoir location. 
3. Descriptive of what water is used for at the location the metric is calculated so that 
incremental increases or decreases in the metrics are easily associated as being an 
improvement or detriment to an objective. 
4.  Incorporated into a return period analysis to study low probability extreme drought 
events and high probability moderate drought events. 
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2.1. Instream Water Functions 
The instream vulnerability and severity metrics are indexes that measure the extent to 
which streamflow declines below specific thresholds with a given probability.  Water 
use refers to what the water is employed for at a specific location, such as water supply 
in the vicinity of an intake location.  The uses are conceptualized in this analysis as 
stacked on top of each other, so that as streamflow declines, the use at the top of the 
stack or water column becomes unavailable Figure 2.1-1.  To apply this concept to the 
Lower Schuylkill River, an instream location must be selected that is representative of 
multiple water uses.  Most importantly, the total streamflow required to meet those 
multiple uses is approximate to observed streamflow during drought conditions. 
In the Lower Schuylkill River, water uses include drinking water supply, wastewater 
assimilation, cooling water to support power generation, and ecological needs.  As water 
is withdrawn and returned to the river from upstream to downstream through 
staggered intakes and discharges, the drainage area of the river increases, adding 
baseflow and runoff to support the various water uses.   
In the Lower Schuylkill River, 100 CFS is required to operate the fish ladder at 
Fairmount Dam in Philadelphia.  Five miles upstream of Fairmount Dam are the intakes 
for the Philadelphia Water Department (PWD), with a maximum demand of 285 CFS 
(Section 3.2).  In the five mile stretch of the Schuylkill River from the PWD intakes to 
Fairmount Dam, streamflow required for the two functions of water supply and fish 
passage is approximately 385 CFS. 
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If a streamflow gauging station were located immediately upstream of the Philadelphia 
intakes, that could be a location to calculate and apply the vulnerability and severity 
metrics defined to be representative of the two largest water supply and ecological 
functions of the Schuylkill River.  No such gauging station exists, however the nearest 
streamflow gauging station upstream of the PWD intakes is located ten miles upstream 
at Norristown, below which only a small tributary enters the Schuylkill River prior to 
the PWD intakes.  Norristown is located downstream of the Perkiomen and 
Tulpehocken Creeks which both contain reservoirs that make releases for cold water 
fisheries, water supply, and power supply.  Additionally, in previous analyses of 
streamflow and water supply in the Lower Schuylkill River, it was observed that from 
2001-2009 in the summer, streamflow at Norristown fell below 385 CFS 6%of the time 
(PWD 2010).   
Norristown was selected as the streamflow management location best suited to test the 
proposed metrics for several reasons, including: its observed short-term seasonal 
streamflow deficit, minimal inflow between Norristown and the PWD intakes, its 
location downstream of existing reservoirs, and the scale of water functions immediately 
downstream of Norristown. 
The instream management yield at Norristown, IMY, to be incorporated into the 
proposed metrics is depicted in Figure 2.1-1 and is comprised of three functions; PWD 
maximum water supply demand of 285 CFS, 100 CFS to support the Fairmount Dam fish 
ladder, and a safety factor of 100 CFS (approximately 25%) to prevent tradeoffs between 
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water supply and fish passage.  As streamflow declines below the management yield, it 
is tracked by the proposed vulnerability and severity metrics. 
 
 
 
 
Figure 2.1-1 Instream Flow Needs at Norristown 
 
 
 
Water supply and fish passage are assigned levels in the water column in Figure 2.1-1 
according to the location of where the function is first applied moving downstream from 
Norristown, and due to the degradation of water quality at low streamflow.  In a 
situation where streamflow at Norristown falls below 385 CFS, it may be assumed that 
either water supply demand or ecological demand are not met in their entirety, and that 
one or both will have to be reduced given the lack of water.  However, given that water 
quality is critical to drinking water supply and not the physical operation of a fish 
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ladder, assigning water supply to be the next function beneath the safety factor allows 
for an additional 100 CFS of streamflow to dilute conservative water quality pollutants 
that accumulate in the Lower Schuylkill River when streamflow declines (PWD 2005). 
2.2. Instream Vulnerability and Severity 
Vulnerability is defined as the depletion of the safety factor below the management 
yield, divided by the tolerable safety factor depletion.  Vulnerability captures the 
depletion of the function at the top of the water function column, which in this example 
results from streamflow < 485 CFS, Figure 2.2-1.  Severity is defined as the complete 
depletion of the safety factor and depletion of water supply function below the 
management yield, divided by the tolerable supply depletion.  Severity may only occur 
when the function at the top of the water column is fully depleted, which in this 
example results from streamflow < 385 CFS. 
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Figure 2.2-1 Vulnerability Metric Calculation 
 
 
 
The vulnerability metric begins calculating the day that streamflow declines below IMY 
until the day it inclines above IMY.  Consecutive days where streamflow is below IMY are 
referred to as a vulnerability event, EIV, regardless of how low streamflow falls.  
Instream Vulnerability VI = EIV / TSF 
EIV = ∑ ݐሺܫெ௒ െ	ܳ௜௡௜ ), for all i, …, n, where Qi:n < IMY 
Where TSF is the tolerable safety factor depletion, Qi is streamflow at Norristown on day 
i, t is one day, and IMY is the 485 CFS instream management yield.   
The severity metric, Figure 2.2-2, is developed to be complementary to vulnerability by 
indicating whether or not tolerable supply depletion has occurred and has been 
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surpassed within a vulnerability event, EIV.  A severity event, EIS, where tolerable supply 
depletion occurs is a subset of a vulnerability event, EIV.  
 
 
 
 
Figure 2.2-2 Severity Metric Calculation 
 
 
 
Instream Severity SI = EIS / TWS 
EIS =	∑ ሾݐሺܫெ௒ െ	ܳ௜ሻ௡௜ 	+ ݐሺܫெ௒ െ	ܳ௜ାଵ)], for all i,…n, where Qi and Qi+1 < IMY - 100CFS. 
Where TWS is tolerable supply depletion and t is one day.   
Short-term tolerances for safety factor and water supply depletion are incorporated into 
definitions of the vulnerability and severity metrics to create dimensionless indexes 
representative of conditions that exceed these known tolerances.  Tolerable safety factor 
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depletion, TSF, is the periodic loss or depletion of the safety factor, which although 
undesirable, can be tolerated by PWD and would not necessarily require adjustments to 
daily utility or fish passage operations.  The tolerable safety factor depletion, TSF, is 200 
CFS-Days.  This is derived as a deficit of streamflow below IMY for any consecutive 
number of days, where the deficit totals 200 CFS-Days.  For example, four consecutive 
days where streamflow is 50 CFS below IMY totals to 200 CFS-Days.  Tolerable water 
supply depletion, TWS, is no more than two consecutive days of streamflow at 385 CFS, 
for a total of 200 CFS-Days, where each day is 100 CFS below IMY.  Such conditions are 
extremely undesirable to PWD because they may require pumping and distribution 
system adjustments, and are often associated with degraded Schuylkill River water 
quality that increases treatment and energy costs. 
A vulnerability of one is equivalent to the tolerable safety factor depletion, TSF, and an 
increase of vulnerability from one to two is interpreted to indicate conditions that are 
twice the tolerable safety factor depletion.  A severity of one is equivalent to the 
tolerable water supply depletion, TWS; however, three consecutive days of streamflow at 
385 CFS would equal a severity of two because each occurrence of severity requires 
exactly two consecutive days and they are treated as a sliding interval.  The instream 
severity metric approximates how many consecutive two-day periods of streamflow at 
385 CFS or less are present as a subset of a vulnerability event.  Severity can only occur 
when vulnerability occurs.  However, there can be a large vulnerability event with no 
severity, meaning streamflow never declines to 385 CFS or lower for two consecutive 
days. 
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2.3. Reservoir Functions 
Blue Marsh Reservoir is owned by the Army Corps of Engineers, and is located on the 
Tulpehocken Creek, which enters the Schuylkill River upstream of Reading.  Blue Marsh 
is authorized primarily for flood control, water supply, and low flow augmentation.  
Secondary authorized purposes include recreation and water quality control.  Although 
Blue Marsh is authorized for many uses, three authorized uses are limited by the 
elevation of the reservoir; flood control, recreation, and water quality.  Additionally, 
Blue Marsh has been used in the past five years to provide releases for emergency water 
quality events (Section 1.4) in the Lower Schuylkill River.   
No policy alternatives explored in this analysis will reduce Blue Marsh flood storage 
capacity, therefore, flood control will not be factored into the metrics as a reservoir 
function.  Water supply is not an elevation sensitive function of Blue Marsh reservoir 
and there is no amount of water dedicated specifically to that function in storage.  
However, 9 CFS is released for water supply to support Western Berks Water Authority 
and is added to the daily conservation release made by the Army Corps of Engineers 
described in Section 3.3.  Water quality control is an elevation sensitive function because 
there is an elevation selective release tower that cannot make releases below an elevation 
of 271 FT.  Releases from elevations 261-271 Ft can only be made from flood release gates 
located at elevation 240 Ft, so there is no capability to select from a specific elevation for 
water quality below 271 Ft.  The three reservoir elevation sensitive functions of Blue 
Marsh are presented below in Figure 2.3-1 and include recreation, water quality control, 
and emergency relief storage.  
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Similarly to how the instream management yield is presented as a stack of uses of water, 
the same approach is used for the reservoir management yield with a slight change.  The 
reservoir metrics will not incorporate depletion of the recreation pool even though the 
recreation pool comprises the top elevations of Blue Marsh.  This is because the 
availability of the other two functions of the reservoir are more critical.  Some 
information about depletion of the recreation pool will be gained from the reservoir 
vulnerability metric, as the recreation pool would have to be depleted for any reservoir 
vulnerability score greater than zero. 
 
 
 
 
Figure 2.3-1 Blue Marsh Reservoir Functions 
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2.4. Reservoir Vulnerability and Severity 
Reservoir vulnerability is defined as the depletion of water below the reservoir 
management yield, divided by the tolerable water quality pool depletion.  Reservoir 
vulnerability captures depletion of the water quality pool, below elevation 283 Ft, Figure 
2.4-1.  It is important to note here, that reservoir vulnerability is a metric that begins 
measuring depletion of the water quality pool following full depletion of the recreation 
pool.  Severity is defined as the complete depletion of the water quality pool and 
depletion of the emergency pool below the reservoir management yield, divided by the 
tolerable emergency depletion.  Severity may only occur when the water quality pool is 
fully depleted, < 271 Ft. 
 
 
 
 
Figure 2.4-1 Reservoir Vulnerability Calculation  
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The reservoir vulnerability metric begins calculating on the day that storage declines 
below RMY until the day it inclines above RMY.  Consecutive days where storage is below 
RMY are referred to as a vulnerability event, ERV, regardless of how low storage falls. 
Reservoir Vulnerability VR = ERV / TWQ 
ERV = ∑ ሺܴெ௒ െ	ܧ௜௡௜ ), for all i, …, n, where Ei:n < RMY 
Where Ei is the storage of Blue Marsh in million gallons on day i, TWQ is the tolerable 
water quality pool depletion, and RMY is the 4.19 billion gallon management yield. 
Similar to the instream severity metric, reservoir severity, Figure 2.4-2, is developed to 
be complementary to vulnerability by indicating whether or not tolerable water quality 
pool depletion has occurred and has been surpassed within a vulnerability event, ERV.  A 
severity event, ERS, where tolerable supply depletion occurs is a subset of a vulnerability 
event, ERV.  
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Figure 2.4-2 Reservoir Severity Calculation 
 
 
 
Reservoir Severity SR = ERS / TE, for all i,… n, where Ei < RMY – 2,790 MG 
ERS = ∑ ሺܴெ௒ െ	ܧ௜ሻ௡௜ , for all i,…,n where Ei < RMY – 2,790 MG 
Where TE is the tolerable emergency pool depletion. 
Similar to the instream metrics, two short-term depletion tolerances are incorporated 
into the vulnerability and severity metrics to create dimensionless indexes 
representative of conditions that exceed those tolerances.  Tolerable water quality pool 
depletion, TWQ, is estimated here to be a cumulative deficit of 2,790 MG below the 
reservoir management yield RMY.  Tolerable emergency pool depletion, TE, is a single 
day depletion of storage below RMY of 2,790 MG. 
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A reservoir vulnerability of one is equivalent to the tolerable water quality pool 
depletion, TWQ, and an increase of reservoir vulnerability from one to two indicates 
conditions that are twice the tolerable depletion of the water quality pool.  A reservoir 
severity of one is equivalent to the tolerable emergency pool depletion, TE, and an 
increase in severity from one to two indicates conditions twice the tolerable depletion of 
the emergency pool. 
2.5. Partitioning Probabilities 
Partitioning probabilities are used to define high probability and low probability events 
in order describe and compare policy performance under extreme and more moderate 
drought conditions.  Partitioning probabilities are defined as the probability boundaries 
used to separate high, medium, and low probability events, and corresponding 
damages, from one another (Haimes YY 2009).  Eight metrics total are calculated for 
each policy, low and high probabilities for instream and reservoir vulnerability and 
severity. 
The maximum event vulnerability and severity for each water year is selected, and then 
sorted from highest to lowest in order to rank the events from one through sixty four.  
There are sixty four total water years examined in this analysis.  The empirical 
cumulative probability distribution is estimated using:  
Cumulative probability p = m/(n+1) 
Where m is rank of the maximum vulnerability or severity for each water year, and n is 
the number of water years.  Derived from the cumulative probability distribution, the 
partitioning probabilities, p10 and p50, are: 
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High Probability Event, p10 = 0.10 
Low Probability Event, p50 = 0.02 
Where the return periods of events using the partitioning probabilities are: 
10 year return period = 1/p10 
50 year return period = 1/p50 
The eight summary metrics calculated per policy are presented in Table 2.5-1. 
 
 
 
Table 2.5-1  Final Proposed Metrics 
Return Period Instream Vulnerability Reservoir Vulnerability 
10 Year Return Period IV10 RV10 
50 Year Return Period IV50 RV50 
   
 Instream Severity Reservoir Severity 
10 Year Return Period IS10 RS10 
50 Year Return Period IS50 RS50 
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3. Experimental Design 
Combinations of three policy mechanisms are developed and simulated to act on the 
Schuylkill River historical record from 1947 to 2011; conservation releases, streamflow 
objectives, and reservoir hedging.  Policy mechanisms such as conservation releases and 
streamflow objectives require water to be released from a reservoir under specific 
hydrologic conditions.  The influences of those two mechanisms on instream streamflow 
and reservoir storage are counter-acted by a third policy mechanism, reservoir hedging.  
Reservoir hedging typically restricts the use of a portion of available storage in the 
reservoir for later use, and in this application will limit how much reservoir storage may 
be used to meet the streamflow objective. 
The variety of policy combinations aims to induce tradeoffs between reservoir storage 
and instream streamflow under a variety droughts observed in the historical streamflow 
record of the Schuylkill River.  The proposed metrics in Chapter 2 are used to compare 
the tradeoffs between policies, and identify the set of preferred, or non-dominated, 
policies.  A non-dominated policy is one that cannot improve upon the reservoir metrics 
without further detriment to the instream metrics, or cannot improve upon the instream 
metrics without further detriment to the reservoir metrics. 
The following sections describe each of the three policy mechanisms varied to generate 
different policy combinations, the model runs of all policy combinations, policy 
sensitivity runs, and a simulation of demand restriction policy performance. 
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3.1. Conservation Releases 
A conservation release is the minimum amount of streamflow required to be released 
from a dam at all times.  In the model and in actual operations, Blue Marsh reservoir is 
considered full when storage is at the top of the seasonal recreation pool (285 Ft or 290 
Ft).  In the model and in actual operations, when the reservoir is full, dam releases are 
often in excess of the conservation release because the dam releases any excess inflow 
necessary to maintain the storage elevation at top of the recreation pool.  The size of the 
conservation release is critical during periods of drought when the reservoir is not full.  
When the reservoir is not full, only the conservation release is made unless other policy 
specific releases are requested by the model such as the streamflow objective described 
in Section 3.2. 
The current Blue Marsh conservation release schedule is adapted as the low 
conservation release in this modeling analysis (USACE 1996).  Presented below in Table 
3.1-1 are the three conservation release schedules to be paired with other policy 
combinations in Section 3.4. 
 
 
 
Table 3.1-1 Conservation Release Schedules 
Reservoir Elevation Conservation Release, CFS Low Medium High 
Elevation > 283 Ft 50 100 200 
Elevation < 283 Ft 30 60 120 
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In all three conservation release schedules, the release declines by 40%when the 
reservoir elevation falls below the recreation pool elevation, 283 Ft. 
3.2. Streamflow Objectives 
A streamflow objective, or flow target, represents the minimum amount of water desired 
at a specific location.  During periods of low streamflow, an instream objective is 
maintained with reservoir releases made in anticipation of streamflow decline below the 
objective.  Presently there is no streamflow objective at Norristown on the Schuylkill 
River, so three variations of this policy mechanism will be explored with the model and 
evaluated using the proposed metrics; movable, low, and high flow targets. 
The movable flow target is comprised of the high target when the reservoir is within the 
Recreation Pool elevations, and then switches to the low target when the reservoir 
elevation falls below 283 Ft into the Water Quality Selection Pool and the Emergency 
Pool. 
The high and low targets are designed to represent functional needs of the Schuylkill 
River at Norristown, described in Section 2.2.  Node 482 Norristown is upstream of the 
PWD drinking water intakes and the Fairmount Dam fish ladder which both have 
specific operational requirements.  In order to implement policies to meet PWD and fish 
ladder needs, the flow target is applied upstream of both locations.  PWD drinking 
water needs are represented in the flow target calculation by the maximum potable 
demand. 
The maximum potable demand is estimated by a review of maximum daily PWD 
withdrawals by year, from 1996 to 2011, which range from 233 to 298 CFS.  During that 
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same time period the average of the annual maximum daily withdrawals is 267 CFS.  
Maximum withdrawal is driven by operational considerations such as maximum 
residential or commercial-industrial demand, finished water storage levels, and raw 
water basin storage levels.  In order to select a maximum potable demand to apply to the 
flow target composition within the ranges described, the maximum withdrawal from the 
year 2003, 285 CFS, is selected to complement available data used in the calculation of 
other Schuylkill River water withdrawals and discharges.  The 2003 maximum 
withdrawal of 285 CFS is slightly greater, by 6.7%, than the 267 CFS average of annual 
maximum daily withdrawals in the past 15 fifteen years.  2003 data on withdrawals and 
discharges in the Schuylkill River watershed are used to develop drought restriction 
policies applied to the optimal set of policies as described in Section 4.6.  Maximum 
withdrawals in the most recent three years include 226 CFS in 2009, 266 CFS in 2010, and 
258 CFS in 2011. 
The Fairmount Dam fish ladder has a streamflow requirement of 100 CFS.  The fish 
passage is used to provide a means for anadromous species to reach freshwater 
spawning grounds in the Schuylkill River during spring migration (USACE 2004). 
In addition to the maximum potable demand and fish passage operational needs of the 
in the Lower Schuylkill River below Norristown, a safety factor of 100 CFS is added to 
the high flow target option.  The safety factor is applied to monitor the conditions that 
approach a tradeoff threshold, 385 CFS, below which the river fails to provide either the 
maximum potable demand or fish passage operation.  In policies implementing the low 
flow target, there is no safety factor, thus a failure to meet the low flow target implies 
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either the maximum potable demand or fish passage operation are not being provided 
by the river. 
The components of the high and low flow target are presented below in Table 3.2-1. 
 
 
 
Table 3.2-1 High and Low Flow Target Components 
Target Components High Flow Target, CFS Low Flow Target, CFS 
Maximum Potable Demand 285 285 
Fish Passage Operation 100 100 
100 CFS Safety Factor 100 - 
Total 485 385 
 
 
 
3.3. Reservoir Pools and Hedging 
The model is used to apply three hedging conditions that force tradeoffs between 
downstream flow needs and reservoir storage by changing the extent to which the 
reservoir can be drawn down to meet the instream flow target.  In order to explore 
reservoir hedging policy alternatives, Blue Marsh Reservoir storage is divided into pools 
as presented in Figure 3.3-1. 
Flood storage and dead storage are existing pools at Blue Marsh reservoir, and their 
current operations are maintained in all hedging policies explored.  Dead storage, or 
sediment storage, is not used to make conservation releases even in severe drought.  
Flood storage is a critical function of Blue Marsh reservoir, and the existing size and 
release policies governing the use of the flood pool are maintained in this modeling 
analysis.  No runs explore decreasing flood storage or dead storage. 
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The reservoir pools used in the modeling analysis are delineated according to 
operational limitations at Blue Marsh; they include the recreation, water quality 
selection, and emergency pools.  The water quality and emergency pools are defined 
specifically for this analysis.  In current Blue Marsh operations, water in the reservoir 
above dead storage may be used to support conservation, water quality, low streamflow 
augmentation, salinity repulsion, and ad hoc emergency releases.  Recreational safety 
considerations and the location of dam release works provide functional limitations on 
the ability of the reservoir to perform all those functions at each possible elevation. 
The model follows the current reservoir storage schedule where maximum storage is 
defined as the top of the recreation pool, which varies seasonally from 290 Ft in the 
summer to 285 Ft in the winter.  Current reservoir operations identify the bottom 
elevation of the recreation pool is 283 Ft, an elevation below which Blue Marsh can no 
longer support recreational boating (USACE 1996). 
In the model, the top of the water quality selection pool is defined as elevation 283 Ft 
and the bottom of the water quality selection pool is 271 Ft.  This is because the dam 
includes a water quality selective release gate that maybe used to select releases from 
elevations 271-279 Ft.  In the model the water quality selection storage pool was 
extended to include elevations 279-283 Ft to incorporate storage up to the boundary of 
the recreation pool.  Most critical in the water quality selection layer is the lower 
boundary at elevation 271 Ft, because below that elevation reservoir releases are made 
from the bottom of the reservoir where water includes undesirable high dissolved 
metals due to anoxic conditions. 
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The emergency pool in the model is below the water quality selection pool and above 
dead storage, elevations 271 - 261 Ft.  The emergency pool is delineated in the model to 
represent an amount of storage to preserve during drought in the event reservoir 
releases are required to support mitigation of an accidental release of pollutants into the 
Schuylkill River, such as the cyanide spill in 2006.  Although not defined as an 
emergency pool in current operations, releases from elevations 261-271 could be made 
from the flood control release gates at elevation 240 Ft.  Even though the flood control 
release gates are below the dead storage elevation of 261 Ft, dead storage is maintained 
at 261 Ft and is not available for release.   
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Figure 3.3-1 Blue Marsh Reservoir Pool Elevations and Volumes 
 
 
 
The three hedging conditions simulated are referred to as triple zone use or no hedging 
(NoH), dual zone use hedging (H2), and single zone use hedging (H).  Table 3.3-1 is 
presented below to summarize which reservoir pools are making releases to support the 
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flow target in the three policy series configurations; no hedging NoH, dual zone use H2, 
and single zone use H.  Releases to support the conservation release are made from all 
pools. 
 
 
 
Table 3.3-1 Pools Releasing for the Flow Target 
Elevation, Ft Pool Name 
Does the Pool Make a Release for the Flow Target? 
No Hedging, 
NoH 
Dual Zone Use, 
H2 
Single Zone 
Use, H 
290-283 Recreation Yes Yes Yes 
283-271 Water Quality Selection Yes Yes No 
271-261 Emergency Pool Yes No No 
 
 
 
In the no hedging NoH policy series configuration no section of the reservoir is exempt 
from contributing to the flow target except dead storage, elevations < 261 Ft.  Releases to 
hit the flow target are made from elevations 290 to 261, where available storage is 6.48 
BG at the summer pool elevation of 290 Ft, and 4.77 BG at the winter pool elevation of 
285 Ft. 
In the dual zone use H2 policy series configuration, the reservoir recreation pool and 
water quality selection pool are used to meet the flow target and conservation release.  
But, the emergency pool is not used to meet the flow target although it is used to meet 
the conservation release. 
In the single zone use H policy series configuration, the recreation pool is the only pool 
used to meet the flow target and the conservation release.  The remaining two pools are 
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used to meet the conservation release.  The conservation release is made each day from 
the reservoir so that there is always a minimum amount of water leaving the dam.  
Conservation releases in the NoH, H2, and H policy series are made from all reservoir 
pools every day, except from dead storage.  If the reservoir is drawn down to dead 
storage, the model will consider the reservoir empty and may not be able to make the 
full conservation release.  In the event the reservoir is empty and there is not water 
available to make the full conservation release, the model makes a partial release 
representing what is available. 
3.4. Model Runs 
Taken in combination, the three hedging policy configurations, three flow targets, and 
three conservation release schedules form 27 different model runs.  3 of the 27 runs are 
excluded because the movable flow target requires two reservoir pools, and therefore 
cannot be applied to the single pool hedging policy configuration H as described in 
Section 3.1.  The baseline configuration, which does not include a flow target, is also run 
with the medium and high conservation releases.  A total of 27 model runs, which 
include the baseline and baseline variations, were conducted as outlined in Table 3.4-1.  
Table 3.4-1 also shows that the weight priority order of the flow target and three 
reservoir pools will change among the baseline and three hedging conditions. 
64 
 
Table 3.4-1 Experimental Design 
Baseline Run Flow Target 
Conservation 
Release 
Conservation 
Release > 
Emergency 
Pool > 
Water Quality 
Selection Pool > 
Recreation 
Pool  
0 N/A Low 
1 N/A Medium 
2 N/A High 
 
No Hedging (NoH), Emergency, Water Quality, and Recreation Pool Run Flow Target 
Conservation 
Release 
Conservation 
Release > Flow Target > 
Emergency 
Pool > 
Water Quality 
Selection Pool > 
Recreation 
Pool 
3 High High 
4 High Medium 
5 High Low 
6 Low High 
7 Low Medium 
8 Low Low 
9 Movable* High 
10 Movable* Medium 
11 Movable* Low 
 
Dual Zone Use (H2), Water Quality, and Recreation Pool Run Flow Target 
Conservation 
Release 
Conservation 
Release > 
Emergency 
Pool > Flow Target > 
Water Quality 
Selection Pool > 
Recreation 
Pool 
12 High High 
13 High Medium 
14 High Low 
15 Low High 
16 Low Medium 
17 Low Low 
18 Movable High 
19 Movable Medium 
20 Movable Low 
* The movable flow target is 485 CFS in the Recreation Pool then declines to 385 CFS when reservoir storage declines to within the Water 
Quality Selection Pool.  When elevations fall below 271 into the Below Water Quality Selection Pool, no flow target releases are made. 
65 
 
Continued, Table 3.4-1 Experimental Design 
Single Zone Use (H), Recreation Pool Run Flow Target 
Conservation 
Release 
Conservation 
Release > 
Emergency 
Pool > 
Water Quality 
Selection Pool > Flow Target > 
Recreation 
Pool 
21 High High 
22 High Medium 
23 High Low 
24 Low High 
25 Low Medium 
26 Low Low 
** Movable High 
** Movable Medium 
** Movable Low 
**The movable flow target runs may not be made in the H policy configuration because only the Recreation Pool is available for flow 
target releases, and the movable flow target needs both the Recreation Pool and Water Quality Selection Pool 
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3.5. Uncertainty and Model Sensitivity  
The Schuylkill River OASIS model includes an optimization component, and a 
deterministic component.  The linear programming solver optimizes decision variables; 
including storage in the reservoir pools, reservoir releases, flow target specific releases, 
conservation releases, and demands.  Uncertainty in Schuylkill River OASIS model 
results is introduced through the non-decision variables, which are not optimized with 
the linear programming solver.  The non-decision variables are comprised of the 
deterministic representation of the Schuylkill River tributaries, confluences, and 
historical hydrology as model nodes, routing between model nodes, and daily inflow to 
nodes. 
Routing in OASIS is programmed into the model by the user as a series of equations, 
where one equation represents routing in one reach.  Routing in OASIS is a linear, 
mathematical representation of how water flows from an upstream node to a 
downstream node.  Routing equations represent the proportion of upstream water today 
that arrives downstream today, and the proportion of upstream water yesterday that 
arrives downstream today.  In addition to those two terms that comprise simulated 
streamflow at a downstream node, the gain, or daily inflow between upstream and 
downstream nodes due to runoff and baseflow is added to the downstream node.  The 
inflow is derived from the routing method and the historical observed USGS gauge 
record.  Inflow is a model input, the OASIS is does not simulate inflow between nodes.  
Every model run uses the exact same inflow dataset, described in detail in Sections 4.4 
and 4.5. 
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Uncertainty in routing is introduced by the selection of the routing method and the 
performance of the selected routing method.  Multiple methods to derive routing 
coefficients are explored in detail in Section 4.3 to select the method with the lowest 
error.  Additionally, the error measured from the analysis of routing methods is 
incorporated into the calculation of the metrics as described in Section 4.4.5 so as not to 
overstate policy performance. 
Uncertainty in the inflow dataset is introduced by measurement error of the historical 
observed streamflow at USGS gauge locations, and the estimated historical streamflow 
derived from correlations to observed data.  Two internal reports of USGS discharge 
measurement error identify ranges of 5-10% error or 2-20% error (Boning CW 1992; 
Sauer VB and Meyer RW 1992).  To make a conservative assumption that measurement 
error is high, the greater cited error of 20% per measurement will be interpreted into 
sensitivity runs as an increase of 20% or a decrease of 20% to daily node inflow.  In order 
to identify how changes in model results may be impacted by discharge measurement 
error, four sensitivity runs are performed on the baseline and the two best performing 
policies for a total of 12 sensitivity runs, Table 3.5-1. 
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Table 3.5-1 Sensitivity Runs 
Sensitivity 
Runs Adjusted Parameter(s) 
Parameter 
Adjustment 
Model Policy 
Configurations 
Total 
Runs 
Blue Marsh 
Supply Inflow to 454, 455 +/- 20% 
Baseline 2 
Two Best 
Policies 4 
Schuylkill 
Hydrology 
Inflow to 457, 459, 460, 461, 463, 
465, 466, 467, 468, 471, 473, 474, 
475, 477, 479, 480, 482, 483, 484, 485 
+/- 20% 
Baseline 2 
Two Best 
Policies 4 
 
 
 
In the first set of sensitivity runs, the inflows to nodes 454 and 455 are isolated in order 
to explore how a 20% increase and decrease in the supply of water to Blue Marsh 
Reservoir will impact reservoir performance in the baseline and two best performing 
policies.  In the baseline, the reservoir is not called on to meet an instream streamflow 
objective, which is why the two best performing policies are included in the sensitivity 
runs. 
In the second set of sensitivity runs, the inflows to all model nodes except 454 and 455 
are increased and decreased by 20% in order to identify how changes in Schuylkill River 
hydrology will produce changes in the baseline condition and reservoir interactions that 
occur in the two best performing policies. 
Results of the sensitivity analysis are presented in Section 5.5. 
3.6. Drought Based Water Use Restrictions 
Drought-based water use restrictions are simulated as a numerical experiment to 
demonstrate how the Schuylkill River OASIS model may be used to measure the 
performance of non-reservoir release policies using the proposed vulnerability and 
severity metrics. 
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Water use restrictions are applied as an overlay policy, meaning the historical record is 
not adjusted to remove historical drought based water use restrictions.  Therefore, this 
simulation incorporates the past performance of drought-based water use restrictions 
and Pennsylvania drought declaration practices into the baseline scenario.  The water 
use restrictions explored with the Schuylkill River OASIS model are divided into two 
policies that separately simulate reductions in residential consumptive use, such as lawn 
watering, or reductions in residential non-consumptive use, such as shorter shower 
durations.  This design requires two additional model runs per optimal policy or 
policies. 
The results of this analysis are used to identify if the water use restrictions will offset 
reservoir releases and preserve reservoir storage, and to what extent targeted 
consumptive versus non-consumptive use restrictions can reduce Lower Schuylkill 
River water supply vulnerability and severity. 
4. Schuylkill River OASIS Model 
The mixed integer linear programming tool OASIS, Hydrologics Inc. Columbia, 
Maryland, is selected to perform daily deterministic simulation and linear programming 
optimization modeling of the Schuylkill River.  The following section describes how the 
watershed discretization, data collection, routing, and objective function formulation are 
designed to simulate the Schuylkill River watershed using OASIS.  The section ends 
with the functional verification of the baseline Schuylkill OASIS model. 
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4.1. Watershed Discretization 
The Schuylkill River mainstem and tributaries are discretized into thirty four model arcs 
and thirty three nodes based upon the presence of stream gauge information, large 
withdrawals or discharges, and tributary confluences.  
 
Figure 4.1-1 presents a schematic of the Schuylkill River OASIS model: circles are river 
nodes, red arrows indicate lagged routing, black arrows indicate instantaneous routing, 
purple arrows indicate inflow, triangles are reservoir nodes, and squares are demand 
nodes. 
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Model reaches range in length from 4-30 miles.  The model reproduces the Schuylkill 
River watershed historical streamflow on a daily time step from 10-01-1947 to 09-30-
2011.  The development of each node is described in detail within Appendix A.  
Appendix A details the development of three main types of nodes; reservoir, demand, 
and river.  River nodes can be further described as those located at confluences, along a 
river segment, and where tributaries originate. 
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Figure 4.1-1 Schuylkill River Model Schematic 
  
73 
 
 
4.2. Data Collection and Historical Extension 
In order to build the Schuylkill River OASIS model, each node requires two or all of the 
following information; streamflow, channel width, discharge/depth rating curve, 
elevation, and distance to downstream nodes.  Streamflow, channel width, 
discharge/depth rating curve, and elevation data are obtained through the United States 
Geologic Survey (USGS) National Water Information System (NWIS).  The elevations of 
nodes not based on a USGS location are estimated through Google Elevation Service, an 
internet based point and click elevation resource. 
Observed USGS streamflow, channel measurements, and gauge elevation data are used 
to estimate the inflow or relative gain between river reaches from combined baseflow 
and runoff per day.  Additionally, the observed data is used to calculate the routing 
parameters that capture the dynamics and magnitude of water transported from node to 
node, as described in Section 4.4. 
In order to derive an inflow dataset from 10-01-1947 to 09-30-2011, data from many 
streamflow gauges are estimated during periods when the gauge was not in operation.  
Correlation analysis is used to determine the strength of the relationship between 
gauges with missing data and gauges with observed data.  The relationship between 
gauges with the highest correlation coefficient, Pearson’s r, is used in a linear regression 
to estimate gaps in the observed historical record.  Appendix A explores more than one 
correlation for all locations in order to select the highest performing correlation.  The 
selected correlations for locations that required an historical extension are summarized 
below in Table 4.2-1. 
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Table 4.2-1 Final Historical Infill Correlation Results 
Node Observed Data 
Historical 
Extension 
Dependent 
Variable Y 
Independent 
Variable X 
Dates Used in 
Correlation 
Analysis 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
454 Bernville 11-22-1974 to 09-30-2011 
10-01-1947 to 
11-21-1974 
Log USGS 
01470779 
Bernville 
Log USGS 
01576500 
Conestoga at 
Lancaster 
11-22-1974 to 
09-30-2011 0.915 0.84 0.108 0.33 0.653 
455 Lake Blue 
Marsh 
01-01-1998 to 
09-30-2011 
10-01-1947 to 
12-31-1997 
Blue Marsh 
streamflow, 
provided by 
Army Corps 
USGS 01470779 
Bernville 
01-01-1998 to 
09-30-2011 0.944 0.89 0.119 -0.02 1.198 
457 
Tulpehocken 
Creek 
10-01-1950 to 
09-30-2011 
10-01-1947 to 
09-30-2011 
Log USGS 
01471000 
Tulpehocken 
Log USGS 
01472000 
05-01-1965 to 
12-31-1973 0.964 0.928 0.09 -0.544 0.922 
459 Pottsville 10-01-1947 to 09-30-1969 
10-01-1969 to 
07-25-1973 
Log USGS 
014767500 
Pottsville 
Log USGS 
01469500 
Tamaqua 
10-01-1947 to 
09-30-1969 0.943 0.89 0.11 0.648 0.71 
07-26-1973 to 
09-30-2011 
Log USGS 
014767500 
Pottsville 
Log USGS 
01468500 
Landingville 
10-01-1947 to 
04-30-1953, 10-
01-1963 to 09-
30-1965 
0.979 0.959 26.59 -3.229 0.402 
460 
Landingville 
10-01-1947 to 
04-30-1953, 
10-01-1963 to 
09-30-1965 
05-01-1953 to 
09-30-1963, 
10-01-1965 to 
07-25-1973 
Log USGS 
01468500 
Landingville 
Log USGS 
01469500 
Tamaqua 
10-01-1947 to 
04-30-1953, 10-
01-1963 to 09-
30-1965 
0.965 0.931 0.101 0.977 0.76 
462 
Drehersville 
10-01-1947 to 
06-30-1951, 
10-01-1963 to 
09-30-1965 
07-01-1951 to 
09-30-1963, 
10-01-1965 to 
09-30-2011 
Log USGS 
01470000 
Drehersville 
Log USGS 
01469500 
Tamaqua 
10-1-47 to 6-30-
51, 10-1-63 to 9-
30-65 
0.972 0.945 0.087 0.984 0.737 
465 Reading 07-01-1977 to 09-30-2011 
10-01-1947 to 
06-30-1977 
Log USGS 
01471510 
Reading 
Log USGS 
01472000 
Pottstown 
07-01-1977 to 
09-30-2011 0.986 0.973 0.058 -0.162 1.021 
466 
Spangsville 
10-01-1993 to 
09-30-2011 
10-01-1947 to 
07-31-1974 
Log USGS 
01471875 
Spangsville 
Log USGS 
01473000 
Graterford 
10-01-1993 to 
09-30-2011 0.902 0.815 0.147 0.242 0.668 
08-01-1974 to 
09-30-1993 
USGS 01471875 
Spangsville 
USGS 01471980 
Manatawny 
10-01-1993 to 
09-30-2011 0.974 0.948 26.08 9.478 0.613 
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Continued, Table 4.2-1 Final Historical Infill Correlation Results 
Node Observed Data 
Historical 
Extension 
Dependent 
Variable Y 
Independent 
Variable X 
Dates Used in 
Correlation 
Analysis 
 Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
467 
Manatawny 
08-01-1974 to 
09-30-2004 
10-01-1947 to 
07-31-1974 
Log USGS 
01471980 
Manatawny 
Log USGS 
01473000 
Graterford 
08-01-1974 to 
09-30-2004 0.925 0.856 0.137 0.28 0.716 
10-01-2004 to 
09-30-2011 
Log USGS 
01471980 
Manatawny 
Log USGS 
01471875 
Spangsville 
08-01-1974 to 
09-30-2004 0.979 0.958 0.072 0.145 1.01 
471 Upper 
Perkiomen 
10-01-1981 to 
09-30-2011 
10-01-1947 to 
09-30-1981 
Log USGS 
01472198 E. 
Greenville + Log 
USGS 01472199 
Hillegass 
Log USGS 
01459500 
Tohickon 
10-01-1981 to 
09-30-2011 0.832 0.693 0.198 1.05 0.442 
473 Dublin 10-01-1983 to 09-30-2011 
10-01-1947 to 
09-30-1983 
Log USGS 
01472620 Dublin 
Log USGS 
01459500 
Tohickon 
10-01-1983 to 
07-31-1989 0.865 0.75 0.457 -2.09 1.21 
474 
Schwenksville 
01-18-1991 to 
09-30-2011 
10-01-1947 to 
01-17-1991 
USGS 01472810 
Schwenksville 
USGS 01473000 
Graterford 
01-18-1991 to 
09-30-2011 0.942 0.888 86.71 16.28 0.238 
477 Skippack 05-01-1966 to 09-30-1994 
10-01-1947 to 
04-30-1966, 
10-01-1994 to 
09-30-2011 
Log USGS 
01473120 Skippack 
Log USGS 
01473000 
Graterford 
05-01-1966 to 
12-31-1985 0.898 0.807 0.258 -1.228 1.15 
479 French 
Creek 
10-01-1968 to 
09-30-2011 
10-01-1947 to 
09-30-1968 
Log USGS 
01472157 
Log USGS 
01473000 
Graterford 
10-01-1968 to 
12-31-1985 0.903 0.816 0.16 0.077 0.726 
480 Valley 
Creek 
10-01-1982 to 
09-30-2011 
10-01-1947 to 
09-30-1982 
USGS 01473169 
Valley Creek 
USGS 01477000 
Chester Creek 
10-01-1982 to 
09-30-2011 0.898 0.807 21.09 6.08 0.27 
482 
Norristown 
08-01-2001 to 
09-30-2011 
10-01-1947 to 
09-30-2011 
Log USGS 
01473500 
Norristown 
Log USGS 
01474500 
Philadelphia + 
PWD - USGS 
01474000 Wiss. 
08-01-2001 to 
09-30-2011 0.993 0.985 0.047 -0.184 1.04 
483 Ft. 
Washington 
09-01-1961 to 
03-30-1969, 
06-01-2000 to 
09-30-2011 
10-01-1947 to 
08-31-1961, 
04-01-1969 to 
05-31-2000 
Log USGS 
01473900 Ft. 
Wash. 
Log USGS 
01465500 
Langhorne 
06-01-2000 to 
09-30-2011 0.903 0.816 0.163 -0.106 0.781 
484 
Wissahickon 
10-01-1965 to 
09-30-2011 
10-01-1947 to 
09-30-1965 
Log USGS 
01474000 Wiss. 
Log USGS 
01473900 Ft. 
Wash. 
09-30-1965 to 
09-30-2011 0.97 0.94 0.083 0.452 0.865 
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4.3. Endogenous Variable Removal 
Observed data is corrected to remove endogenous variables such as large diversions and 
historical reservoir releases where appropriate.  The corrections to remove interference 
from large diversions and historical reservoir releases are performed in order to achieve 
an inflow database as close to natural conditions as possible.  For example, the 
corrections aim to reduce the incidence of situations where a model simulated reservoir 
release acts in combination with a reservoir release in the historical record.  Such a 
situation would over estimate streamflow, and interfere with an assessment of policy 
performance.   
Examples of interference corrections detailed in Appendix A include historical Blue 
Marsh reservoir releases, PWD diversions, and LGS cooling water diversions and 
consumptive use replacement policies.  Table 4.3-1 below presents a summary of the 
nodes where a correction is made to remove the influence of an endogenous variable on 
the historical streamflow record or inflow record. 
  
77 
 
 
Table 4.3-1 Observed Dataset Endogenous Variable Removal 
Node Dataset Endogenous Variable Correction 
Performed 
Appendix 
Section 
455 Blue Marsh 
Reservoir 
Estimated Inflow Evaporation No A.2 
459 Pottsville USGS 01467500 
Pottsville 
Wadesville Mine Pool Yes A.6 
460 Landingville USGS 01468500 
Landingville 
Wadesville Mine Pool Yes A.7 
461 Tamaqua USGS 01469500 
Tamaqua 
Still Creek Reservoir Yes A.8 
462 Drehersville USGS 01470000 
Drehersville 
Still Creek Reservoir Yes A.9 
463 Little Schuylkill USGS 01470500 
Berne 
Still Creek Reservoir and 
Wadesville Mine Pool 
Yes A.10 
465 Reading Estimated Inflow Blue Marsh Reservoir Yes A.12 
473 Dublin UGSS 01472620 
Dublin 
Bradshaw Reservoir Yes A.20 
474 Schwenksville USGS 01472810 
Schwenksville 
Bradshaw Reservoir Yes A.21 
475 Graterford USGS 0147300 
Graterford 
Bradshaw Reservoir Yes A.22 
482 Norristown USGS 01473500 
Norristown 
Limerick Consumptive 
Use 
Yes A.29 
485 Philadelphia USGS 01474500 
Fairmount Dam 
Philadelphia Water 
Department Diversion 
Yes A.32 
 
 
 
4.4. Routing 
Routing refers to the simulated movement of water in the model from one node to 
another.  The nodes are representative of instream locations several miles apart, and 
there is a time lag that must be accounted for as water is simulated to travel the distance 
from one node to another. 
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4.4.1. Routing in OASIS 
OASIS may accommodate many lumped routing methods, as long as they are linear and 
the time step of the simulation is small enough to accommodate the time discretization 
of the routing method.  Depending upon reach characteristics and modeling objectives, 
instantaneous and lagged routing may be programmed in OASIS.  In instantaneous 
routing, the amount of water at a downstream node is equal to the total flow at the 
upstream node in the same time step.  In lagged routing, the amount of water at a 
downstream node does not equal the amount of water at an upstream node in the same 
time step.  An example of this is a stretch of river where only a portion of the upstream 
flow arrives at a downstream node on the same day.  In this case, the total streamflow 
from the upstream node would need to be linked to a theoretical reservoir 
representative of channel storage.  The downstream node then receives water from the 
channel storage reservoir calculated by the routing equation. 
Figure 4.4-1 below is a schematic of instantaneous and lagged routing as applied in 
OASIS.  In the top diagram the black line represents the transfer of all water from 
upstream node Ut to downstream node Dt in the same time step.  In the bottom diagram 
in Figure 4.4-1 the red line between the two nodes indicates that lagged routing has been 
applied to that reach.  The black and red lines are used in the model schematic presented 
in Figure 4.1-1.  In lagged routing, all of the flow from the upstream node is transferred 
to the channel storage reservoir, as represented by the black line.  The channel storage 
reservoir then releases water to the downstream node according to a routing equation.  
A channel storage reservoir is required in order to maintain mass balance in the model.  
This is necessary because with lagged routing 100% of the water from an upstream node 
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does not arrive downstream in the same day; a fraction of that water arrives the 
following day.  The channel storage reservoir holds the fraction of streamflow that does 
not arrive in the same day and releases it the following day according to the routing 
equation. 
 
 
 
 
Figure 4.4-1 Instantaneous and Lagged OASIS Routing Schematic 
  
         Ut                Dt Dt ≠ Ut , Dt= Routing equation 
Lagged Routing 
Instantaneous Routing 
         Ut                Dt Dt = Ut 
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OASIS also allows the user to assign a time-series, decision variable, or pattern of 
inflows to each node.  The inflows may be used to represent the addition of water 
through natural or other means between two nodes.  An inflow may not be linked to 
another node, in which case it would be an arc, it may only start and end at one node.  
The model user may calculate inflows and store them in a database prior to a model run, 
use OASIS to calculate inflows, or develop a table pattern of inflows depending upon 
what the modeling objectives of the user are.  The database of inflows allows the model 
to incorporate the historical streamflow record into the simulation. 
The user must take into consideration how the inflows are to be incorporated into the 
routing equation at each node.  After OASIS computes the routing, if there is an inflow 
assigned it is then added to produce the total flow at that node per time step.  OASIS 
does not provide guidance on what routing equations to use.  OASIS provides the 
programming environment in which to assign routing functions and inflows.  Routing 
between two nodes may be performed using different equations and assumptions, as 
long as the overall equation is linear.  Two common routing methods are described here, 
Muskingum and coefficient routing.  Muskingum routing is a common routing method 
not applicable to this modeling analysis and a brief explanation why is given.  
Coefficient routing is appropriate for this analysis and is described in detail. 
Muskingum Routing 
The Muskingum routing method is a variable discharge channel storage routing method 
that is linear and may be applied in OASIS.  The following equations comprise the 
Muskingum method. 
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D(t) = C1U(t-1) + C2U(t) + C3U(t-1) 
 
C1 =      Δt-2KX  
 2K(1-X) + Δt 
 
C2 =      Δt+2KX  
 2K(1-X) + Δt 
 
C3 =   2K(1-X) - Δt  
 2K(1-X) + Δt 
 
D represents the downstream node of the reach and U represents the upstream node of 
the reach.  Where C1 + C2 + C3 =1, and K/3 < Δt < K.  K, travel time, may be estimated 
from observed data.  x is a dimensionless weighting variable between 0 and 0.5.  Δt is 
the time step used to model the wave passing through the reach. 
Due to the discretization of the Schuylkill River and the daily time step, Muskingum 
routing cannot be applied to reaches in the model.  Given that K is the approximated 
travel time it takes a wave to pass through the reach, and that Δt is the time 
discretization of the routing, most reaches cannot meet the constraint that K/3 < Δt < K. 
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For example, in the Schuylkill River from the towns of Reading to Pottstown the 
approximate travel time of a peak through the reach is 6 hours.  In order to implement 
Muskingum routing, the time step of the routing solution must be less than 6 hours, but 
in this application of OASIS the time step is 24 hours.  In order to accommodate 
Muskingum routing, a model similar to OASIS called RiverWare has built in a routing 
module to disaggregate daily streamflow into smaller time steps, solve the Muskingum 
routing, and then calculate the daily average (Boroughs CB and Zagona E 2002).  OASIS 
does not have this capability, and would require such a capability if it were being used 
to study flooding and not water allocation. 
If the Schuylkill River model were based on an hourly time step, Muskingum routing 
could be applied to this watershed.  Although not appropriate for this modeling 
application, Muskingum routing is widely used to model flood wave travel and 
dispersion. 
Coefficient Method 
Another lumped routing method, the coefficient method, is more applicable to daily 
simulation of the Schuylkill River.  In this routing method, two coefficients are estimated 
to determine the amount of water present at a downstream location as a proportion of 
streamflow observed at an upstream location.  Where: 
Dt = C1Ut + C2Ut-1 
C1+C2=1 
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Dt is the predicted downstream flow at time t, and Ut and Ut-1 are the upstream flows at 
time t and t-1, and C1 + C2 = 1. 
C1 and C2 are coefficients identified empirically or estimated to best represent the 
portion of flow observed downstream from upstream flow the day of and day before.  
An example and comparison of coefficients derived from the diffusion analogy 
convolution routing method is presented in the following sections. 
4.4.2. Routing Coefficient Selection Analysis 
A routing analysis is presented here to compare static routing coefficients derived by the 
diffusion analogy convolution method using 10th, 25th, 50th, and 75th percentile 
streamflow and channel characteristics of the reach from Reading to Pottstown to inform 
routing selection.  Three low flow time series and three high flow time series are used in 
combination with the different routing coefficients to explore the following two 
questions:  
What is the approximate error generated by static routing coefficients? 
Are static routing coefficients acceptable to use in the Schuylkill River OASIS model 
given the modeling objectives? 
Drought and low streamflow mitigation policies are typically comprised of a 
combination of one or more mechanisms such as reservoir releases, minimum 
streamflow or dam release criteria, and demand restrictions.  Time of travel of a 
reservoir release is critical to the feedback between the impact the release has 
downstream and the calculation of the size of the next release to sustain the desired 
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impact.  Simulating the amount of time it takes for a reservoir release to reach the 
desired location is dependent upon the accuracy of the routing during the hydrological 
conditions at the time of the release. 
Linear optimization models such as OASIS, RiverWare, and CalSim include flexible 
programming environments where users may apply their chosen routing method, but it 
must be linear (Randall D, Houck MH et al. 1990; Randall D and al 1997; Zagona EA and 
al 2001; Draper AJ and al 2004).  Routing coefficients used in linear programming 
models are commonly static to prevent the introduction of non-linearities.  Updating a 
coefficient based on the day of streamflow at an upstream node would create a non-
linearity.  Using simple coefficient routing below in Eq. (1) to demonstrate, the 
coefficients C1 and C2 are static.  Dt is the predicted downstream flow at time t, and Ut 
and Ut-1 are the upstream flows at time t and t-1, It is the inflow between the upstream 
and downstream locations, and C1 + C2 = 1.  It is the daily inflow used to compile the 
inflow dataset, and is calculated from the historical streamflow record for Ut and Dt once 
the routing coefficients are selected, Section 4.5. 
Dt = C1Ut + C2Ut-1 + It        (1) 
If the routing coefficient C1 was to be updated as a function of flow conditions at Ut, Eq. 
(1) would be non-linear.  It is possible to update the coefficients basing C1 on Ut-1.  
However, in reaches where storm peaks take less than two days to travel through, the 
updated coefficients would reflect conditions during a storm that had already passed 
the reach. 
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Static routing coefficients, and lumped routing, are not appropriate to study high 
streamflow conditions such as floods.  However, if the modeling objective is analysis of 
drought management, the focus of the analysis is on periods of streamflow within a set 
of percentiles relevant to the occurrence, frequency, and mitigation of drought. 
The following numerical experiments measure and compare the error generated by 
static routing coefficients calculated under a range of streamflow conditions and applied 
to daily observed low streamflow conditions in Southeastern Pennsylvania. 
4.4.2.1. Study Area and Time Series Selection 
One mainstem reach from the Schuylkill River watershed in Southeastern Pennsylvania 
is selected based daily streamflow data availability, and location below a reservoir that 
makes releases during periods of seasonally low streamflow and drought.  The reach 
extends 21.3 miles from the Schuylkill River mainstem gauges USGS 01471510 at 
Reading, PA to USGS 01472000 at Pottstown, PA.  The reach Reading to Pottstown is 
downstream of the Tulpehocken Creek confluence which delivers releases from Blue 
Marsh Reservoir to the Schuylkill River mainstem.  Blue Marsh is an Army Corps of 
Engineers reservoir with primary authorized purposes including flood control, water 
supply, and low flow augmentation (USACE 1996). 
Streamflow data observed in 2010 and 2011 are selected for analysis because 2010 is the 
most recent year where releases from Blue Marsh were requested by the Delaware River 
Basin Commission (DRBC) to alleviate low streamflow conditions and water quality 
degradation in the lower Schuylkill River, and salinity repulsion in the Delaware 
Estuary.  Directed releases were made on 8/7/10 to 8/22/10, 8/28/10 to 9/12/10, 
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9/14/10 to 9/29/10.  There are not enough high flow periods that meet the below 
criteria observed in 2010, so observed data from 2011 is used to identify the third of 
three high flow periods. 
Streamflow percentiles are calculated using data from 10-01-1996 to 09-30-2011 and 4 log 
cycle interval classes with linear interpolation within interval classes to calculate exact 
percentiles (Searcy JK 1959).  Three 16-day periods representative of low flow conditions 
and high flow conditions are selected for the analysis.  The three low flow periods are 
sixteen consecutive days with an average less than 25th percentile streamflow at 
Pottstown (851 CFS), and at least eight days below the 25th percentile streamflow at 
Pottstown.  Additional effort was made to include days where DRBC directed releases 
from Blue Marsh.  Including days containing reservoir releases is not critical to the 
analysis, streamflow conditions meeting the low flow criteria occur without the releases.  
The three low flow periods are 8/8/10 to 8/22/10, 8/28/10 to 9/12/10, and 9/13/10 to 
9/28/10.  There is no overlap between any of the low or high flow periods. 
The three high flow periods are sixteen consecutive days with an average greater than 
75th percentile streamflow at Pottstown (2,701 CFS), and at least eight days above the 75th 
percentile streamflow at Pottstown, and no single day streamflow greater than the 95th 
percentile streamflow at Pottstown (5,860 CFS).  Extreme high flows and flood events 
are filtered out of this analysis because the intended modeling application of the static 
routing coefficients explored here is a lumped routing, daily linear programming 
optimization analysis of policy performance during low streamflow periods.  More 
appropriate tools for flood analysis are available that include sub-daily time steps and 
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distributed routing functionality.  The three high flow periods are 2/23/10 to 3/10/10, 
12/4/10 to 12/19/10, and 2/12/11 to 2/27/11.  The performance metrics are performed 
on the latter fifteen consecutive days of each low and high flow period, the first day is 
required to execute Eq. (1) and is not included the performance metrics.  A summary of 
the six time series is presented below in Table 4.4-1. 
 
 
 
Table 4.4-1 Time Series Selected for Routing Analysis 
Series 
Name Dates 
Maximum 
Upstream / 
Downstream 
CFS 
Minimum 
Upstream / 
Downstream 
CFS 
Average 
Upstream / 
Downstream 
CFS 
Difference in 
Average 
Downstream - 
Upstream CFS 
L1 8/7/10 to 8/22/10 565 / 867 377 / 566 454 / 689 236 
L2 8/28/10 to 9/12/10 529 / 627 336 / 415 404 / 481 77 
L3 9/13/10 to 9/28/10 714 / 801 340 / 355 470 / 537 66 
H1 2/23/10 to 3/10/10 2,560 / 3,390 1,140 / 1,740 1,958 / 2,724 766 
H2 12/4/10 to 12/19/10 4,390 / 5,210 1,370 / 1,720 2,439 / 2,980 541 
H3 2/12/11 to 2/27/11 3,970 / 4,830 807 / 1,140 2,198 / 2,738 540 
 
 
 
4.4.2.2. Diffusion Analogy Convolution Routing 
Routing coefficients are derived using the diffusion analogy convolution method.  
Although more commonly used to model sub-daily time steps, the diffusion analogy 
convolution routing method has been shown to accurately capture a daily time series, 
and the instantaneous time step can be converted easily into a daily time step (Keefer 
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TN 1974; Keefer TN and McQuivey RS 1974; Keefer TN 1976).  Diffusion analogy routing 
calculates an instantaneous response function for the reach which is then convoluted 
with a unit pulse to estimate the impulse response.  In this exercise the unit is one day.  
This method is data intensive and requires end point channel widths and rating curves, 
and reach length and slope. 
An abbreviated description of the equations and data requirements is presented here.  
The full derivation of the routing equations may be found in (Keefer TN 1974) and 
(Keefer TN and McQuivey RS 1974). 
The instantaneous response function q(x,t) is: 
 q(x,t)  ൌ ଵ√ସగ௄	
௫
௧య/మ 	݁
షሺ಴೟షೣሻమ
ర಼೟        (2) 
where q(x,t) is the fraction of initial discharge that reaches the downstream endpoint of 
distance x at time t.   x is the distance of the stream reach, S is the slope of the stream 
reach, C is the flood wave celerity, and K is the wave dispersion coefficient.  The unit for 
time step is seconds, even if the desired interval is one hour or a fraction of one day.  The 
units for discharge, width, and distance are all based on feet in this analysis. 
K may be calculated from observed data, where q is the discharge per unit width used to 
calculate K and C, Q is the linearizing reach discharge, and W is the reach width at Q. 
q  ൌ	 ொௐ         (3) 
K ൌ		 ௤ଶௌ	         (4) 
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C ൌ	 ଵௐ	
ௗொ
ௗ௬         (5) 
The response function q(x,t) is calculated for 24 one-hour time steps.  The total of the 24 
points in the response function must add to one.  Often a minor adjustment of 
approximately one or two hundredths or thousandths must be made to ensure the 
response function total equals one.  The last value of the response function before the 
function goes to zero is selected here as the point adjusted to ensure mass balance.  No 
parameter calibration was required other than the minor mass balance adjustment to 
ensure the response function added to one. 
To calculate daily routing coefficients, the response function is first convoluted with a 
pulse of 24 hours: 
ሺ݌ ∗ ݄ሻሺݐሻ = ׬ ݌ሺݐ െ ߬ሻ݄ሺ߬ሻ݀߬௧଴        (6) 
where ሺ݌ ∗ ݄ሻሺݐሻ is the output 48 hour impulse response, ݌ሺݐ െ ߬ሻ is the input pulse of 24 
hours, and ݄ሺ߬ሻ is the response function.  In order to derive daily routing coefficients 
from the impulse response, the output from hours 1-24 and 25-48 are integrated.  This 
results in two coefficients representing the portion of the pulse moving through the 
response function in the first day (C1) and the second day (C2).  The two ordinates must 
add to one, and a mass balance adjustment similar to that performed on the response 
function may be required for the coefficients. 
QD (x,t) = ׬ ܳሺ0, ݐ െ ߬ሻܿሺ߬ሻ݀߬௧଴       (7) 
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Where QD (x,t) is the output of daily downstream data, ܳሺ0, ݐ െ ߬ሻis the upstream daily 
streamflow data, t is one day, and ܿሺ߬ሻ is the vector of daily coefficients [C1, C2].  
Equation (7) is another representation of Equation (1) without the addition of the inflow 
It. 
4.4.2.3. Parameter Calculation 
Routing parameters are calculated for 10th, 25th, 50th, and 75th percentile streamflow 
conditions at the upstream and downstream reach endpoints.  The Q, W, and ௗொௗ௬ for each 
reach upstream and downstream endpoint are then averaged and applied to Equations 
2-8 to calculate the response function and daily routing coefficients for each selected 
percentile. 
Subsets of data at each endpoint are used estimate W and ௗொௗ௬ at the selected percentiles.  
The linearizing discharge, Q, is the discharge at the desired percentile.  Channel width at 
each linearizing discharge is taken as the average of width measurements recorded at 
discharges that bound the desired discharge by ten percentiles.  For example, the 10th 
percentile width is estimated to be the average of width measurements taken between 
the 5th percentile and 15th percentile.  ௗொௗ௬ is the slope of the rating curve, and similar to 
the channel width procedure, it is estimated for each percentile by calculating the slope 
of the rating curve from a subset of the reach endpoint data.  The ranges of data used to 
calculate  ௗொௗ௬ at each percentile are as follows; 10
th percentile includes measurements 
from 5th-15th percentiles, 25th percentile includes data from the 5th – 50th percentiles, 50th 
percentile includes data from the 25th-75th percentiles, and the 75th percentile includes 
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data from the 50th -95th percentiles.  The tails of the rating curve, measurements recorded 
at discharges <5th percentile and >95th percentile, were excluded from the ௗொௗ௬ estimate 
given the absence of rating curve data and the difficulty of recording precise 
measurements at hydrological extremes.  
4.4.2.4. Routing Performance Metrics 
In this analysis of static coefficients, water is routed from Reading to Pottstown without 
the addition of estimated inflow from runoff, baseflow, point sources, or tributaries.  
This means that all results will be under-predicted compared to observed streamflow at 
Pottstown.  To test the hypothesis that coefficients derived from the lower, 10th or 25th, 
percentile conditions will perform better on the low series than the high, the metrics 
used must be sensitive to changes in performance but not sensitive to under-prediction.  
Relative root mean square error and modifications to the Nash efficiency are calculated 
to compare results between the 10th, 25th, 50th, and 75th percentile coefficients within each 
of six time series.  In order to select which coefficients have the best performance under 
low and high conditions, the results of all metrics will be taken into consideration to 
identify which coefficients perform the best in each time series.  Additionally, the 
cumulative distributions of the relative root mean square errors will be compared to 
identify which coefficients to select for the Schuylkill River OASIS model and what 
approximate error is associated with the selected coefficients. 
The Nash-Sutcliffe efficiency, E, is a metric used to assess hydrological model 
performance (Nash JE and Sutcliffe JV 1970).  E is calculated as: 
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E = 1 - ∑ ሺை೔ିௌ೔ሻ
మ೙೔
∑ ሺை೔ିைഢതതതሻమ೙೔
        (8) 
where n is the number of time steps, ௜ܱ is the observed streamflow at Pottstown on time 
step i, and ௜ܵ is the simulated streamflow at time step i from routing Eq. (1) excluding 
inflow, and	 పܱഥ  is the mean of observed streamflow.  The range of E is from െ∞ to 1, with 
1 being perfect model agreement.  Negative calculations of E imply that the mean of 
observed streamflow is a better predictor than the model.  E is often used in combination 
with other model performance metrics, and should not be used in isolation ((Jain SK and 
Sudheer KP 2008). 
Modified forms of E are calculated in this analysis because E is known to underestimate 
model performance on low flows and be a better predictor of model efficiency for higher 
flows (Pushpalatha R and et al 2012; Krause, Boyle et al. 2005; McCuen RH, Knight Z et 
al. 2006).  The two modified forms selected are E calculated from the log transform of 
flows, LnE, and ER calculated from the relative deviations as opposed to the absolute 
deviations used in Eq. (8).  Both modifications aim to reduce the influence of errors 
created by the prediction of high flows, which are proportionally larger than those 
created by the prediction of low flows (Krause, Boyle et al. 2005; Pushpalatha R and et al 
2012). 
To calculate LnE, take the natural logarithm of the observed flows and simulated results 
and use Eq. (8).  To calculate ER: 
ER = 1 - 
∑ ሺೀ೔షೄ೔ሻమೀ೔
೙೔
∑ ሺೀ೔షೀഢതതതതሻమೀഢതതതത
೙೔
        (9) 
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RMSE is calculated from the mean square error (MSE) as: 
MSE = ଵ௡ ∑ ሺ ௜ܱ െ ௜ܵሻ௡௜
ଶ
        (10) 
RMSE = ටଵ௡∑ ሺ ௜ܱ െ ௜ܵሻ௡௜
ଶ
       (11) 
In this routing experiment, there is a difference between the average upstream and 
downstream streamflow during all the time series used in the experiment.  For example 
in the first low flow time series, L1, the difference between average upstream and 
average downstream streamflow is 235 CFS, but in L2 the difference is 77 CFS, Table 
4.4-1.  Both L1 and L2 are low flow time series, but the baseflow during each time series 
is different.  Given such differences in hydrological conditions, a high RMSE or a low 
RMSE may result which is not a function of the routing, but rather a function of relative 
baseflow during the time series.  Normalizing the RMSE calculated for the 10th, 25th, and 
75th percentile to the 50th percentile RMSE allows the error generated by routing to be 
compared independent of hydrological condition.  To do this, an additional metric, 
RMSER50, is calculated to compare the relative difference in RMSE results from each high 
or low flow time series and coefficients.  RMSER50 is calculated as: 
RMSER50 = 
ோெௌாభబ,మఱ,ఱబ,ళఱ
ோெௌாఱబ 	
where ܴܯܵܧଵ଴,ଶହ,ହ଴,଻ହ are the RMSE results from either the 10th, 25th, 50th, or 75th 
percentile coefficients.  In the case of all 50th percentile results, the RMSER50 is 1. 
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4.4.3. Results 
The reach endpoint and average parameter results and routing coefficient results are 
presented below in Table 4.4-2.  The reach slope is 0.000601, the reach length is 21.3 
miles, and the elevations of USGS 01471510 and USGS 01472000 are 185.5 ft and 117.86 ft 
respectively. 
 
 
 
Table 4.4-2 Reading to Pottstown Routing Parameters 
 10th 
Percentile 
25th 
Percentile 
50th 
Percentile 
75th 
Percentile 
Average Reach W, Ft 240.8 255.3 289.9 289.6 
Reading W, Ft 204.2 224.6 278.1 279.6 
Pottstown W, Ft 277.4 286 301.6 299.5 
Average Reach Q, CFS 477 742 1377 2427 
Reading Q, CFS 415 633 1228 2153 
Pottstown Q, CFS 539 851 1525 2701 
Average Reach dQ/dy 421.9 779.3 1121.5 1362.6 
Reading dQ/dy 457.8 768.3 1125.7 1325 
Pottstown dQ/dy 386.1 790.2 1117.2 1399.5 
Reach Celerity C, Ft/s 1.752 3.052 3.869 4.705 
Reach Dispersion K, Ft2/s 1648 2418 3951 6973 
Routing Coefficient C1 0.299 0.615 0.705 0.765 
Routing Coefficient C2 0.701 0.385 0.295 0.235 
 
 
 
The four response functions calculated from the parameters above in Table 4.4-2 are 
presented below in Figure 4.4-2 Reading to Pottstown Response Function. 
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Figure 4.4-2 Reading to Pottstown Response Function 
 
 
 
Figure 4.4-3 below presents the 50th percentile impulse response as example of the result 
from convolution of the 50th percentile instantaneous response function with a 
rectangular pulse of length 24 hours. 
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Figure 4.4-3 50th Percentile Impulse Response 
 
 
 
The routing coefficients C1 and C2 are the result of integrating from hours 1-24 and 25-48 
respectively.  
Table 4.4-3 below presents the results of routing the three low (L1, L2, L3) and three high 
(H1, H2, H3) streamflow periods with the four different pairs of routing coefficients in 
Figure 4.4-3.  The metrics calculated in Table 4.4-3 are LnE, ER, MSE, RMSE, and 
RMSER50. 
Among the three low flow periods, L1, L2, and L3, there is no percentile of routing 
coefficients that outperforms the others in all three times series or all metrics.  
Additionally, the results are extremely close within each low flow period, very small 
differences between LnE and ER among percentiles are observed.  There are LnE 
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differences as small as 0.013 between L1_25, L1_50 and L1_75, and ER differences as 
small as 0.027 between L3_10, L3_25, L3_50, and L3_75. 
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Table 4.4-3 Routing Test Results and Metrics 
Metric 
Percentile of Coefficients 
10th 25th 50th 75th 
Routing Test Run Name 
Low Flow, Period L1 L1_10 L1_25 L1_50 L1_75 
LnE -9.905 -9.686 -9.673 -9.676 
ER -5.855 -5.770 -5.761 -5.758 
MSE 60,011 59,099 58,961 58,900 
RMSE 245 243 243 243 
RMSER50 1.009 1.001 1 0.999 
 
Low Flow, Period L2 L2_10 L2_25 L2_50 L2_75 
LnE -2.101 -1.837 -1.775 -1.736 
ER -1.642 -1.431 -1.380 -1.347 
MSE 7,578 6,887 6,717 6,610 
RMSE 87 83 82 81 
RMSER50 1.062 1.013 1 0.992 
 
Low Flow, Period L3 L3_10 L3_25 L3_50 L3_75 
LnE 0.627 0.627 0.604 0.583 
ER 0.721 0.726 0.712 0.699 
MSE 4,952 4,912 5,148 5,368 
RMSE 70 70 72 73 
RMSER50 0.981 0.977 1 1.021 
 
High Flow, Period H1 H1_10 H1_25 H1_50 H1_75 
LnE -4.111 -3.536 -3.391 -3.298 
ER -2.030 -1.789 -1.724 -1.682 
MSE 744,807 682,600 665,943 655,113 
RMSE 863 826 816 809 
RMSER50 1.058 1.012 1 0.992 
 
High Flow, Period H2 H2_10 H2_25 H2_50 H2_75 
LnE 0.496 0.627 0.633 0.631 
ER 0.717 0.748 0.745 0.740 
MSE 490,237 335,893 311,967 300,997 
RMSE 700 580 559 549 
RMSER50 1.254 1.038 1 0.982 
 
High Flow, Period H3 H3_10 H3_25 H3_50 H3_75 
LnE 0.393 0.584 0.620 0.641 
ER 0.799 0.846 0.856 0.862 
MSE 783,661 527,750 472,039 439,196 
RMSE 885 726 687 663 
RMSER50 1.288 1.057 1 0.965 
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In contrast, the range of LnE and ER values calculated among low flow periods are not as 
close as the range of values within periods, possibly indicating sensitivity of the metrics 
to dynamics or hydrological conditions of the test time series.  LnE results in L1 range 
from -9.905 to -9.673, L2 range from -2.101 to -1.736, and in L3 range from 0.583 to 0.627.  
ER results in L1 range from -5.855 to -5.758, L2 range from -1.642 to -1.347, and L3 range 
from 0.699 to 0.721.  Figure 4.4-4 below presents the results of routing the four 
percentiles of coefficients through low flow period L1, which produced the worst results 
when comparing LnE and ER among periods. 
In Figure 4.4-4 below the 25th, 50th, and 75th percentile sets of routing coefficients perform 
well despite the poor LnE and ER results.  The 10th percentile results have poor LnE and 
ER and show the peak arriving one day late and recession arriving one day late.  
Visually, the performances of the 25th, 50th, and 75th, percentile options for coefficients 
are approximately equivalent, which, despite the very poor LnE and ER results is 
reflected in the narrow ranges of values within results from that time series. 
The differences in RMSE within each low flow period range from <1 CFS to 5.7 CFS.  
Given the small differences in RMSE within each low flow period, the results do not 
indicate which percentile of coefficients performed better than the others, and may 
indicate routing performance too similar to differentiate.  Examples of similar 
performance include the 10th, 25th, 50th, and 75th percentiles applied to L1, the 25th, 50th 
and 75th percentiles applies to L2, and the 10th, 25th, 50th, and 75th percentiles applied to 
L3. 
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Figure 4.4-4 Results of Routing Low Flow Period 1 
 
 
 
RMSE cannot be compared from one time series to another due to the differences in 
hydrological condition between the time series.  In order to make a comparison of 
routing performance between time series, in the units of the time series, RMSE is 
normalized by the RMSE calculated for the 50th percentile of each low flow period.  This 
metric, RMSER50, represents the percent deviation of 10th, 25th, and 75th percentile results 
from the 50th percentile RMSE for each time series.  The 50th percentile results are 
selected to normalize the RMSE because the 50th percentile results in all time series does 
not perform the best or the worse, the results are between the lower and higher 
percentile sets of routing coefficients. 
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Cumulative distributions of RMSER50 sorted according to coefficient percentile, low or 
high time series, and pairings of time series and percentile are presented in Figure 4.4-5, 
Figure 4.4-6, and Figure 4.4-7 below. 
 
 
 
 
Figure 4.4-5 RMSER50 Cumulative Distribution Sorted by Coefficients 
 
 
 
Presented above in Figure 4.4-5 are cumulative distributions of RMSER50 results 
generated by each set of coefficients from 10th, 25th, and 75th percentile stream conditions; 
where the results generated by the 50th percentile stream conditions are represented by 
the vertical grid line at RMSER50 = 1.  The results generated by the 25th and 75th percentile 
coefficients applied to both high and low streamflow time series do no vary more than 
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six percent above and four percent below the 50th percentile results at RMSER50 = 1.  The 
10th percentile results do not cluster with the 25th, 50th, and 75th percentile results. 
Presented below in Figure 4.4-6 are cumulative distributions of RMSER50 results of the 
low and high streamflow time series, the results are not separated by the coefficients 
that generated the results.  The results indicate there is a greater range of RMSE in the 
results of high streamflow time series.  This indicates a sensitivity to the routing 
coefficients used, especially for the two results between RMSER50 1.2 to 1.3.  Additionally 
Figure 4.4-6 presents a lower sensitivity in the low streamflow time series to changes in 
routing coefficients because the RMSER50 cumulative distribution for the low time series 
results is near vertical. 
 
 
 
 
Figure 4.4-6 RMSER50 Cumulative Distribution Sorted by Time Series 
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Figure 4.4-7 below presents the cumulative distributions of RMSER50 of paring the 10th 
and 25th, and the 75th percentile coefficients to the low and high streamflow time series.  
The results of paring 75th percentile coefficients to high and low streamflow, and the 10th 
and 25th percentile coefficients to low streamflow produce near vertical RMSER50 which 
indicate a small difference in RMSE between those parings.  The cumulative distribution 
of paring 10th and 25th percentile coefficients to the high streamflow time series indicates 
a larger relative difference in RMSE than the other three parings. 
In summary, the 10th percentile coefficients generate larger differences in relative RMSE 
compared to the 25th, 50th, and 75th percentile coefficients.  The high streamflow time 
series show greater sensitivity to the coefficients used to route water and have a more 
variable RMSE than the low streamflow time series.  The high streamflow time series 
show the greatest sensitivity to the 10th and 25th percentile coefficients, generating the 
largest relative RMSE compared to the results of the 50th and 75th percentile coefficients.  
Results of the low flow time series, regardless of routing coefficient, did not indicate a 
preferred set of routing coefficients.  The RMSER50 results in the low flow time series for 
10th, 25th, 50th, and 75th, indicate the largest relative difference in results driven by 
routing coefficients is from 0.977 to 1.062, or a maximum observed 8.5% difference in 
RMSE. 
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Figure 4.4-7 RMSER50 Cumulative Distribution Coefficient and Time Series Paring 
 
 
 
4.4.4. Routing Discussion 
The introduction proposed a hypothesis and two questions to explore in order to select a 
routing approach.  What is the approximate error generated by static routing 
coefficients?  And, are static routing coefficients acceptable to use in the Schuylkill River 
OASIS model given the modeling objectives? 
The hypothesis that routing coefficients generated from low streamflow conditions and 
applied to low streamflow conditions would generate less error than routing coefficients 
generated from higher streamflow conditions is not supported by the results of this 
analysis.  The results of this analysis show that low streamflow conditions are not 
sensitive to routing coefficients generated by 10th, 25th, 50th, or 75th conditions, and that 
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no one set of coefficients performed better than the others when applied to low flow 
conditions. 
The metrics and cumulative distribution of the normalized RMSE did not indicate one 
set of coefficients is consistently better than the others, therefore the 50th percentile 
routing coefficients will be selected for the Schuylkill River OASIS model.  The 
cumulative distribution of the RMSER50 for results generated by the 50th percentile 
coefficients is a vertical RMSER50 = 1 line, which in Figure 4.4-7 falls between the 
remaining results, excluding the 10th and 25th coefficients applied to the high time series 
which intuitively and in observation do not perform as well as the other parings. 
The approximate error due to routing is estimated as the maximum relative difference in 
RMSER50 generated by all sets of routing coefficients applied to the low streamflow time 
series, 0.085, or an error +/- 4.25% due to routing.  This assumption is conservative and 
captures the total variability of relative RMSE observed testing all four series of 
coefficients during low streamflow conditions. 
Static routing coefficients are acceptable to use in the Schuylkill River OASIS model 
because the focus of the modeling analysis is low streamflow conditions and routing in 
low streamflow conditions is observed to not be sensitive to changes in routing 
coefficients.  The model will explore alternative management scenarios, including 
releases from Lake Blue Marsh located immediately upstream of the reach used to test 
the routing hypothesis and estimate routing error.  The three low flow time series in this 
routing analysis include the hydrological conditions of observed reservoir releases, and 
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are observed to produce a conservative estimate of error of +/- 4.25% of predicted 
downstream streamflow, without the addition of inflow. 
4.4.5. Routing Error Propagation and the Norristown Target 
To demonstrate how the routing error estimate of +-/- 4.25% influences applied routing 
and error propagation, Eq. 1 is reproduced below. 
Dt = C1Ut + C2Ut-1 + It        (1) 
Eq. 1 is re-arranged to make an estimate of reach inflow using observed data, Eq. 11. 
It = Dt - C1Ut - C2Ut-1        (11) 
In this re-arrangement, the difference between the observed downstream, Dt, and routed 
upstream streamflow, C1Ut + C2Ut-1, are equivalent to the reach inflow.  A database of It 
is used to run the OASIS model.  However, as discussed in this analysis there is error in 
routed upstream streamflow caused by the routing coefficients, estimated as the 
differences in RMSE generated by using different pairs of routing coefficients.  
Therefore, inflow It is really: 
It = Ia + εt         (12) 
where Ia is the actual inflow between the upstream and downstream reach and εt is the 
error from the static routing. 
Running a model based on a database of It generated from historical observed 
streamflow means that the database will apply the same routing error εt to each day 
across all simulations.  The model is essentially assigning error derived from the 
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historical record to all simulations, regardless of what the error generated by routing the 
simulated streamflow would be.  The error of routing the simulated streamflow is 
unknown and is approximated here to be the error derived from routing the historical 
record.   
Although this assumption introduces a new, likely small, source of error it is important 
to note that this practice also prevents error from being propagated reach to reach.  This 
is because the routed upstream flow from one reach is not used to then generate more 
routed streamflow down to the next reach to calculate the database of It that feeds the 
model.  The error propagation is halted at each downstream node because historical 
observed data is used to start-over the inflow calculation at the next downstream reach.  
The error due to routing coefficients is therefore contained within each reach. 
The error due to routing coefficients in the reach Reading to Pottstown is assumed to be 
the most important of all reaches to estimate error, because it is immediately 
downstream of Blue Marsh and is the longest mainstem reach in the model with long 
term observed data at both end points.  The error from routing derived in this analysis, 
approximately +/- 4.25 % of predicted downstream streamflow, will be used as a 
window to define what constitutes meeting the specified Norristown flow target.  For 
example if the Norristown flow target is 485 CFS, streamflow at Norristown from 464 
CFS to 506 CFS will be considered meeting the flow target (+/- 21 CFS). 
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4.4.6. Final Routing Equations 
A summary of all routing coefficients applied to model nodes in the model are presented 
below in Table 4.4-4.  The data and analyses performed to calculate the routing 
coefficients as well as graphs of reach response function can be found in Appendix A. 
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Table 4.4-4 Final Equations for Convolution and Instantaneous Routing 
Final Routing Equation 
455 Blue Marsh Reservoir (t) = 0.688 * Bernville (t) + 0.312 * Bernville (t-1) + Blue Marsh Historical Inflow (t) 
457 Tulpehocken (t) = 0.922 * Blue Marsh Dam (t) + 0.078 * Blue Marsh Dam (t-1) + Tulpehocken Historical Inflow (t) 
459 Pottsville (t) = Wadesville (t) + Historical Pottsville Streamflow (t) 
460 Landingville (t) = 0.917 * Pottsville (t) + 0.083 * Pottsville (t-1) + Landingville Historical Inflow (t) 
462 Drehersville (t) = 0.784 * Tamaqua (t) + 0.216 * Tamaqua (t-1) + Drehersville Historical Inflow (t) 
463 Little Schuylkill (t) = 0.953 * Drehersville (t) + 0.047 * Drehersville (t-1) + 0.884 * Landingville (t) + 0.116 * Landingville (t-1) 
464 Maiden Creek (t) = 0.798 * Little Schuylkill (t) + 0.202 * Little Schuylkill (t-1) 
465 Reading (t) = 0.878 * Maiden Creek (t) + 0.122 * Maiden Creek (t-1) + Tulpehocken (t) + Reading Historical Inflow (t) 
467 Manatawny (t) = 0.833 * Spangsville (t) + 0.167 * Spangsville (t-1) + Manatawny Historical Inflow (t) 
468 Pottstown (t) = 0.705 * Reading (t) + 0.295 * Reading (t-1) +Manatawny (t) + Pottstown Historical Inflow (t) 
469 Limerick (t) = 0.983 * Pottstown (t) + 0.017 * Pottstown (t-1) 
474 Schwenksville (t)  = 0.402 * Dublin (t) + 0.598 * Dublin (t-1) + Schwenksville Historical Inflow (t) 
475 Graterford (t) = 0.89* Schwenksville (t) + 0.11 * Schwenksville (t-1) + 0.702 * Upper Perkiomen (t) + 0.298 * Upper Perkiomen (t-1) + 
Graterford Historical Inflow (t) 
478 Perkiomen Confluence (t) = 0.834 * Graterford (t) + 0.166 * Graterford (t-1) + Skippack (t) 
481 Valley Forge (t) = 0.567 * Limerick (t) + 0.433 * Limerick (t-1) + Perkiomen (t) + 0.875 * French Creek (t) + 0.125 * French Creek (t-1) + 
Valley Creek (t) 
482 Norristown (t) = 0.81 * Valley Forge (t) + 0.19 * Valley Forge (t-1) + Norristown Historical Inflow (t) 
484 Wissahickon (t) = 0.669 * Ft. Washington (t) + 0.331 * Ft. Washington (t-1) + Wissahickon Historical Inflow (t) 
485 Philadelphia (t) = Wissahickon (t) + 0.843 * Norristown (t) + 0.157 * Norristown (t-1) + Philadelphia Historical Inflow (t)  – PWD 
Demand (t) 
487 Fairmount Dam (t) = 0.957 * Philadelphia (t) + 0.043 * Philadelphia (t-1) 
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4.5. Daily Inflows 
In order to introduce estimated daily gain between model nodes due to baseflow and 
runoff into the model, an inflow dataset is generated for the downstream node of most 
reaches.  The inflow dataset is how the historical streamflow record is translated into a 
format the model can incorporate into the simulation.  As described in Section 4.4.5, the 
inflow dataset is calculated as the difference between routed downstream streamflow 
and the historical downstream dataset. 
Groundwater and runoff contributions between nodes are estimated as inflow because it 
is outside the scope of this project to model runoff and groundwater contributions 
separately and integrate them into OASIS.  The routing equations presented in Table 
4.4-4 above are used to derive the inflow and will preserve mass balance from the 
upstream node to the downstream node.  The final inflow dataset for each node is 
calculated in Microsoft Excel according to the equations presented in Table 4.5-1 below, 
and uploaded to a HEC-DSSVue database linked to OASIS. 
Some nodes do not have inflow because they are locations where streamflow gauge 
information is not available and the location was selected to represent confluence 
locations or discretize long reaches.  The nodes that do not have inflow are 464, 469, 478, 
481, and 487.   
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Table 4.5-1 Inflow Equations 
Node Inflow Equation 
454 Bernville Historical Inflow (t) = Bernville Historical Streamflow (t) 
455 Blue Marsh Reservoir Historical Inflow (t) = Blue Marsh Reservoir Historical Streamflow (t) – 0.688 * Bernville (t) - 0.312 * Bernville (t-1) 
456 No Inflow 
457 
10-01-1947 to 04-30-1950: 
457 Tulpehocken Historical Inflow (t) = 0.132* {10^((0.922*USGS 01472000 (t)) – 0.544)} + 11.51 
10-01-1950 to 04-30-1965: 
457 Tulpehocken Historical Inflow (t) = 0.132 * USGS 01471000 (t) + 11.51 
05-01-1965 to 09-30-2011: 
457 Tulpehocken Historical Inflow (t) = USGS 01471000 (t) - 0.922 * USGS 01470960 (t) - 0.078 * USGS 01470960 (t-1) 
458 No Inflow 
459 Pottsville Historical Inflow (t) = Pottsville Historical Streamflow (t) 
460 Landingville Historical Inflow (t) = Landingville Historical Streamflow (t) – 0.917 * Pottsville (t) – 0.083 * Pottsville (t-1) 
461 Tamaqua Historical Inflow (t) = Tamaqua Historical Streamflow (t) 
462 Drehersville Inflow (t) = Drehersville Historical (t) - 0.784 * Tamaqua Historical (t) – 0.216 * Tamaqua Historical (t-1) 
463 Little Schuylkill Historical Inflow (t) = Little Schuylkill Historical (t) - 0.953 * Drehersville (t) - 0.047 * Drehersville (t-1) - 0.884 * Landingville (t) - 0.116 * Landingville (t-1) 
464 No Inflow 
465 465 Reading Historical Inflow = (Reading Historical Streamflow (t) – Tulpehocken (t)) – 0.878 * Maiden Creek (t) – 0.122 * Maiden Creek (t-1) 
466 Spangsville Historical Inflow (t) = Spangsville Historical Streamflow (t) 
467 Manatawny Historical Inflow (t) = Manatawny Historical Streamflow (t) – 0.833 Spangsville (t) – 0.167 * Spangsville (t-1) 
468 Pottstown Historical Inflow (t) = Pottstown Historical Streamflow (t) - 0.705 * Reading (t) - 0.295 * Reading (t-1) - Manatawny (t) 
469 No Inflow 
470 No Inflow 
471 Upper Perkiomen Historical Inflow (t) = Upper Perkiomen Historical Streamflow (t) 
472 No Inflow 
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Continued, Table 4.5-1 Inflow Equations 
Node Inflow Equation 
473 Dublin Historical Inflow (t) = Dublin Historical Streamflow (t) 
474 Schwenksville Historical Inflow (t) = Schwenksville Historical Streamflow (t) – 0.402 * Dublin (t) – 0.598 * Dublin (t-1) 
475 Graterford Historical Inflow (t) = Graterford Historical Streamflow (t) - 0.89* Schwenksville (t) - 0.11 * Schwenksville (t-1) - 0.702 * 
Upper Perkiomen (t) – 0.298 * Upper Perkiomen (t-1) 
476 No Inflow 
477 Skippack Historical Inflow (t) = Skippack Historical Streamflow (t) 
478 No Inflow 
479 French Creek Historical Inflow (t) = French Creek Historical Streamflow (t) 
480 Valley Creek Historical Inflow (t) = Valley Creek Historical Streamflow (t) 
481 No Inflow 
482 
10-01-1947 to 07-31-1989: 
Norristown Historical Inflow (t) = Norristown – 0.81 * {(0.567 * (0.983 * Pottstown (t) + 0.017 * Pottstown (t-1))+ 0.433 * (0.983 * 
Pottstown (t-1) + 0.017 * Pottstown (t-2)) + (0.834 * Graterford (t) + 0.166 * Graterford (t-1) + Skippack (t)) + 0.875 * French Creek (t) + 
0.125 * French Creek (t-1) + Valley Creek (t))} – 0.19 * {(0.567 * (0.983 * Pottstown (t-1) + 0.017 * Pottstown (t-2)))+ 0.433 * (0.983 * 
Pottstown (t-2) + 0.017 * Pottstown (t-3)) + (0.834 * Graterford (t-1) + 0.166 * Graterford (t-2) + Skippack (t-1)) + 0.875 * French Creek (t-1) +
0.125 * French Creek (t-2) + Valley Creek (t-1)} 
08-01-1989 to 12-31-1998: 
Norristown Historical Inflow (t) = Norristown – 0.81 * {(0.567 * (0.983 * Pottstown (t) + 0.017 * Pottstown (t-1) – Limerick Pattern 
(t))+ 0.433 * (0.983 * Pottstown (t-1) + 0.017 * Pottstown (t-2) – Limerick Pattern (t-1)) + (0.834 * Graterford (t) + 0.166 * Graterford (t-1) + 
Skippack (t)) + 0.875 * French Creek (t) + 0.125 * French Creek (t-1) + Valley Creek (t))} – 0.19 * {(0.567 * (0.983 * Pottstown (t-1) + 
0.017 * Pottstown (t-2) – Limerick Pattern (t-1)))+ 0.433 * (0.983 * Pottstown (t-2) + 0.017 * Pottstown (t-3) – Limerick Pattern (t-2)) + 
(0.834 * Graterford (t-1) + 0.166 * Graterford (t-2) + Skippack (t-1)) + 0.875 * French Creek (t-1) + 0.125 * French Creek (t-2) + Valley 
Creek (t-1)} 
01-01-1999 to 09-30-2011: 
Norristown Historical Inflow (t) = Norristown – 0.81 * {(0.567 * (0.983 * Pottstown (t) + 0.017 * Pottstown (t-1) – Limerick Observed 
(t))+ 0.433 * (0.983 * Pottstown (t-1) + 0.017 * Pottstown (t-2) – Limerick Observed (t-1)) + (0.834 * Graterford (t) + 0.166 * Graterford (t-1) 
+ Skippack (t)) + 0.875 * French Creek (t) + 0.125 * French Creek (t-1) + Valley Creek (t))} – 0.19 * {(0.567 * (0.983 * Pottstown (t-1) + 
0.017 * Pottstown (t-2) – Limerick Observed (t-1)))+ 0.433 * (0.983 * Pottstown (t-2) + 0.017 * Pottstown (t-3) – Limerick Observed (t-2)) + 
(0.834 * Graterford (t-1) + 0.166 * Graterford (t-2) + Skippack (t-1)) + 0.875 * French Creek (t-1) + 0.125 * French Ck (t-2) + Valley Ck (t-1)} 
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Continued, Table 4.5-1 Inflow Equations 
Node Inflow Equation 
483 Ft. Washington Historical Inflow (t) = Ft. Washington Historical Streamflow (t) 
484 Wissahickon Historical Inflow (t) = Wissahickon Historical Streamflow (t) - 0.669 * Ft. Washington (t) - 0.331 * Ft. Washington (t-1) 
485 485 Philadelphia Historical Inflow (t) = Philadelphia Corrected Historical Streamflow (t) - Wissahickon (t) - 0.843 * Norristown (t) - 0.157 * Norristown (t-1) 
486 No Inflow 
487 No Inflow 
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Estimating daily inflow from daily streamflow data can produce negative inflows for 
three reasons; storms, consumptive use, and streamflow measurement error.  Storms can 
sometimes lead to a negative inflow calculation in two circumstances; when a storm on 
the same day rains more at the upstream gauge or if there is a steep runoff recession 
from a storm on the previous day.  Negative inflows do not occur with every storm, they 
are rare.  Streamflow measurement error also contributes to negative inflows in 
instances where a downstream streamflow may be under-estimated. 
Consumptive use contributes to negative inflows because it offsets a part or all of the 
gain between reaches attributed to runoff and baseflow, especially during baseflow 
recession in seasonally dry months.  Consumptive use in the Schuylkill River watershed 
not associated with LGS operations is an endogenous variable that is not removed.  
Consumptive use is inferred to be an endogenous variable to every observed streamflow 
record in the watershed.  It is assumed to be more accurate to leave the consumptive use 
in the observed records as an endogenous variable than to over-estimate or under-
estimate the correction and inadvertently mask historical hydrological patterns.  
Identifying daily consumptive use during the modeling period may not be possible to 
reasonably estimate given modern data availability limitations and historical water use 
data availability.  The consumptive use between reaches has been estimated by the 
PWD, and drought driven demand-restrictions will be implemented in the model by 
adding back factors of those estimates to represent reduced consumptive use during 
drought. 
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In OASIS, inflows may be positive and negative.  In the Schuylkill River Model, negative 
inflows are handled differently for tributaries and mainstem nodes.  For all tributary 
nodes, negative inflows are adjusted to zero, and the deficit is then subtracted from the 
next positive inflow.  Given the smaller size of tributaries, any storm-related negative 
inflows could reduce the tributary to zero or negative.  Adjusting the inflows to zero and 
then subtracting the deficit from the next positive inflow will prevent the tributaries 
from going negative or to zero.  Adjustments to negative inflows are performed prior to 
incorporation in the final inflow database to enable the model to look ahead time steps 
for flow predictions required of the Blue Marsh, Bradshaw, and Wadesville release 
policies.  The following model code is used to perform the zero adjustment to eligible 
inflows, results are then added into a final inflow database: 
:For: 
{   [node] =  { "454", "455", "457", "459", "460", "461", "462", "463", "465", "466", "467", "471", 
"473", "474", "475", "477", "479", "480", "483", "484" }} 
Set : inflow[node]  
{ Value : max { 0 , timesers([node]/inflow) - _running_deficit[node](-1) } }     
 Set : _running_deficit[node]  
{ Value : max { 0 , _running_deficit[node](-1) - timesers([node]/inflow) } } 
:Next: 
 
For mainstem nodes with inflow 468 Pottstown, 482 Norristown, and 485 Philadelphia, 
the negative inflows subtract literally and are not zeroed out like the tributary nodes 
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above.  This allows consumptive use and losses to groundwater captured by the 
historical streamflow records to be deducted between model reaches.  Baseline model 
output will be checked to ensure there are no negative or zero simulation results caused 
by negative inflows. 
4.6. Drought Based Water Use Restrictions 
Two drought based water use restriction policies are incorporated into the Schuylkill 
River OASIS model and applied to the baseline and set of optimal policies to frame the 
sensitivity of the policies to targeted consumptive and non-consumptive residential 
water use restrictions, as observed by the proposed vulnerability and severity metrics.  
The results of this analysis, as described in Section 5.6, are interpreted as a 
demonstration of setting drought restriction policy performance objectives with the 
model.  Results identify what potential may exist for even greater reductions in the 
vulnerability and severity metrics of the preferred policy given efforts to specifically 
target reduction in consumptive use or non-consumptive use during conditions that 
trigger the flow targets.  Results will also indicate if such policy efforts may preserve 
reservoir storage by requiring smaller releases. 
One policy simulates reductions in residential consumptive use, such as lawn watering, 
and another policy simulates reductions in residential non-consumptive use, such as 
shorter shower durations.  The Pennsylvania drought based water use restriction 
policies described in Section 1.5 are referred to as a guide for the percentage of use 
restriction, location of streamflow-based county drought triggers, and percentile of 
streamflow indicative of existing Drought Warning and Drought Emergency policies. 
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The objective of the design of the drought-based water use restrictions is not to exactly 
interpret PA drought policies into the modeling environment.  Rather the design 
objective is to make conservative assumptions where necessary to over-state the 
performance of water restrictions during conditions similar to when flow target releases 
would be made.  This requires changing the definition of drought in this analysis from 
the definition of drought used by Pennsylvania and making adjustments to the location 
of streamflow-based drought trigger locations.  A summary of all assumptions is 
provided in Section 4.6.4. 
4.6.1. Drought Trigger Locations 
As described in Section 1.5, the Pennsylvania drought based water use restriction 
policies call for voluntary reductions in non-essential water use based on a set of county 
triggers in observed precipitation, streamflow, groundwater, soil moisture, or reservoir 
storage.  The Schuylkill River OASIS model does not simulate all Pennsylvania drought 
trigger parameters or locations outside of the watershed, so one streamflow location is 
selected as the drought trigger location for each county.  Presented below in Table 4.6-1 
are the Pennsylvania streamflow drought indicator locations within the Schuylkill River 
watershed.  Portions of Carbon, Chester, Delaware, Lebanon, Lehigh, and Philadelphia 
counties fall within Schuylkill River watershed boundaries, but the USGS streamflow 
indicator gauges for those counties do not measure reaches that drain into the Schuylkill 
River. 
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Table 4.6-1 Pennsylvania Streamflow Indicator Locations in the Schuylkill River Watershed 
County PA Designated USGS Indicator Gauge Model Indicator Node 
Berks USGS 01470779 Tulpehocken Creek near Bernville, PA 454 Berneville 
Montgomery USGS 01473000 Perkiomen Creek at Graterford, PA 475 Graterford 
Schuylkill USGS 01468500 Schuylkill River at Landingville, PA 460 Landingville 
Source :  PADEP 2010 
 
 
 
The three indicator locations presented above are represented in the model by nodes 454 
Bernville, 475 Graterford, and 460 Landingville.  Presented below in Table 4.6-2 are the 
Schuylkill River OASIS model drought indicator nodes and the model nodes responding 
to each indicator node. 
One indicator location is added for Philadelphia County, and nodes responding to an 
indicator outside of the Schuylkill River watershed are assigned to the closest county 
indicator within the watershed. 
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Table 4.6-2 Model Drought Trigger Nodes and Responding Nodes 
County 
Drought 
Trigger 
Node 
Nodes 
Responding to 
Trigger 
Contributing Reach or Area 
Berks 454 
454 Upstream of 454 
455 454 to 455 
456 455 to 456 
457 456 to 457 
464 463 to 464 
465 464 to 465 
466 Upstream of 466 
467 466 to 467 
468 465 to 468 
Montgomery 475 
469 468 to 469 
471 Upstream of 471 
472 N/A 
473 N/A 
474 473 to 474 
475 471 to 475, 474 to 475 
477 Upstream of 477 
478 475 to 478, 477 to 478 
479 Upstream of 479 
480 Upstream of 480 
481 469 to 481, 478 to 481, 479 to 481, 480 to 481 
482 481 to 482 
483 Upstream of 483 
Philadelphia 482* 
484 483 to 484 
485 482 to 485, 484 to 485 
487 485 to 487 
Schuylkill 460 
458 N/A 
459 Upstream of 459 
460 459 to 460 
461 Upstream of 461 
462 461 to 462 
463 460 to 463, and 462 to 463 
*Node 482 Norristown is located in Montgomery Cty. but in close proximity to Philadelphia Cty. 
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Demand restrictions in the reach from Reading to Pottstown, 465 to 468, are based on the 
Berks County drought trigger because the majority of the reach is located in Berks 
County, even though Pottstown is just across the border in Montgomery County. 
Nodes 473 and 472 are the only model nodes located in Bucks County.  Given they are in 
close proximity to the Montgomery County drought monitoring gauge at Graterford 
and they are in the same sub-watershed as that location, nodes 472 and 473 will respond 
to the Montgomery County drought trigger.  Additionally, the Bucks County drought 
monitoring gauge, USGS 01465500 Neshaminy Creek near Langhorne, PA, is located 
outside of the Schuylkill River watershed. 
The Chester County drought monitoring gauge, USGS01481000 Brandywine Creek at 
Chadds Ford, PA, is located outside of the Schuylkill River watershed.  The two model 
nodes located in Chester County, 479 and 480, will respond to the Montgomery County 
trigger location. 
The Philadelphia drought monitoring gauge, USGS 01467048 Pennypack Creek at Lower 
Rhawn Street Bridge Philadelphia, PA, is located outside of the Schuylkill River 
watershed.  Node 482 Norristown will be used as the Philadelphia County drought 
trigger location because it represents the nearest streamflow monitoring station 
upstream of the drinking water supply intakes on the Schuylkill River. 
By assigning the portions of Carbon, Chester, Delaware, Lebanon, Lehigh, and 
Philadelphia Counties that would typically respond to drought indicator locations 
outside of the Schuylkill River watershed to indicator nodes inside the watershed, 
drought restrictions are triggered in a larger geographic area in the modeling analysis 
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than would be triggered in real practice.  The use of substitute Schuylkill drought 
indicators for portions of counties with no Schuylkill watershed drought trigger is a 
conservative assumption that overstates the drought response by expanding the 
geographic area responding to the Schuylkill based drought triggers. 
4.6.2. Drought Trigger Streamflow 
According to PA drought policy streamflow indicator use (PADEP 2010), Drought 
Warning conditions are indicated when the 30 day running-average streamflow falls 
between the daily-based 5th and 10th percentile streamflow at indicator locations.  
Drought Emergency conditions are indicated when the 30-day running average 
streamflow falls below the daily-based 5th percentile streamflow at indicator locations.  
PA uses the USGS calculated percentiles of streamflow observed each individual day, or 
Julian date, in the period of record of each gauge.  This practice results in PA daily 
drought indicators that have higher streamflow in wet months than the daily drought 
indicator streamflow in dry months.  The daily streamflow percentiles used by PA 
drought policies would trigger water use restrictions in conditions where the streamflow 
is too high to trigger reservoir releases.  Rather, of interest to this simulation of drought-
based water use restrictions is a classification of low streamflow conditions indicative of 
when reservoir releases would be required to meet the simulated Norristown flow 
targets.  By aligning drought restrictions to occur in conditions where flow target 
releases would occur, the model may be used to analyze potential savings in reservoir 
storage driven by demand restrictions. 
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This simulation will design drought triggers based on the 30-day running average 
streamflow, but rather than daily streamflow based percentiles, the most recent 15 year 
95% exceedence streamflow or flow duration will be used.  This calculation uses all daily 
observed data per year, within a designated number of years, to arrive at the streamflow 
exceeded 95% of the time examined. 
In this modeling application, when the 30 day running-average falls below the 95% 
exceedence streamflow at indicator locations, drought water use restrictions are 
triggered.  The PA Drought Emergency streamflow definition is selected as the model 
drought trigger because the 95% exceedence streamflow at Norristown, 587 CFS, is 
already 100 CFS higher than the high flow target of 485 CFS that will be simulated with 
the model (Section 3.2).  
In the model, when the 30 day running-average streamflow at drought indicator nodes 
falls below the 95% exceedence streamflow, water use restrictions will automatically be 
imposed the following day.  When the 30-day average streamflow at indicator nodes 
rises above 95% exceedence streamflow, water use restrictions will be lifted the 
following day.  The switching into and out of drought condition in the model happens 
automatically, which is not how PA drought declarations occur as described in Section 
1.6.4.  According to the history of PA officially declared droughts since 1980, the shortest 
duration of time in one drought status prior to a change into another drought status was 
in December 1998 when all counties in the Schuylkill River watershed were in Drought 
Watch for 8 days prior to a change into Drought Warning (PADEP 1998).  An exact 
application of PA drought declaration practices to the modeling environment is not 
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necessary given the objective of this analysis is to identify the potential performance of 
targeted water use restrictions during conditions that trigger flow target reservoir 
releases. 
Table 4.6-3 below presents the 95% exceedence streamflow values for each indicator 
node.  Percentile values are calculated using log-based class intervals and data from 10-
01-1996 to 09-30-2011. 
 
 
 
Table 4.6-3 Drought Indicator Node Drought Streamflow Triggers 
Drought Indicator Node 95% Exceedence Streamflow 
454 Berneville 31 CFS 
460 Landingville 61 CFS 
475 Graterford 90 CFS 
482 Norristown 587 CFS 
 
 
 
The Graterford streamflow trigger is calculated from observed USGS data, no correction 
is made to remove historical releases from Bradshaw Reservoir.  The historically 
corrected dataset for Graterford is not used to calculate the drought trigger because 
Bradshaw Reservoir will be releasing during all model runs, leading to policy driven 
increases in streamflow at Graterford similar to observed conditions.  The Norristown 
streamflow trigger incorporates historically estimated streamflow as described in detail 
in Appendix A. 
4.6.3. Drought Water Use Restrictions 
Variations of drought based water use restrictions are capable of being simulated in the 
Schuylkill River OASIS model.  The PA Drought Warning water use restriction range is 
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10-15% but it is unknown if in the Schuylkill River watershed, such water restrictions 
target consumptive or non-consumptive voluntary citizen water use.  In this modeling 
analysis a 15% reduction in non-consumptive water use and a 15% reduction in 
consumptive water use are simulated to estimate the range of potential streamflow 
improvement under drought-triggered voluntary citizen water use reduction. 
Drought based water use restrictions in PA policies refer to voluntary citizen water use 
reductions (PA 2012).  Voluntary citizen water use in this analysis is interpreted to mean 
residential water sales, and not commercial-industrial water sales.  Conservative 
assumptions are made to isolate residential water use from commercial and industrial 
water use so that the drought restrictions are only applied to the portion of water 
withdrawn through public water suppliers targeted by PA drought restriction policies. 
Two large water suppliers in the Schuylkill River, the Philadelphia Water Department 
(PWD) and Reading Area Water Authority (RAWA), were directly consulted to identify 
the percentage of water sold to residential customers and commercial-industrial 
customers.  Via personal communication with utility representatives, the 
residential/commercial-industrial sales volumes as a percentage of total volume sold for 
PWD are 55/45, and for RAWA 35/65 (PWD Annual Water Audit 2012, Jesse Goldberg 
Personal Communication 2/28/13).  The large commercial-industrial customer 
components of Philadelphia and Reading public water supply withdrawals indicate 
large proportions of water withdrawn at these two locations would not be considered 
‘voluntary citizen water use’.  PWD and RAWA are both assigned their known 
residential/commercial-industrial breakdowns to isolate residential water use.  Water 
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suppliers in the Schuylkill River watershed who treat more than one million gallons per 
day are assumed to have a residential/commercial-industrial breakdown of 80/20.  
Water suppliers who treat less than one million gallons per day are assumed to provide 
100% of the water to residential customers.  These assumptions make conservative 
estimates of unknown residential/commercial-industrial breakdowns by potentially 
over-estimating the amount of water that qualifies as ‘voluntary citizen water use’. 
If citizen water use were to be reduced it would be reflected as a reduction in water 
demand, and ultimately water withdrawn by surface and groundwater utilities and 
private groundwater wells.  A reduction would also be seen in the amount of water 
returned to waterways as treated effluent; however it is expected the reduction in water 
sent to sewer systems would not be proportionate to the water use reduction.  For 
example, one family could reduce lawn care or shower duration to attempt to meet the 
voluntary use restriction.  Conceptually, a reduction in lawn watering would leave that 
fraction of the reduced residential demand instream because the water had never been 
withdrawn.  In contrast, a reduction in shower duration would reflect no net increase in 
instream flow due to the reduced use because the water that was withdrawn was also 
returned as treated wastewater before the conservation was applied. 
In order to identify the range of potential streamflow improvement due to drought-
triggered voluntary water use restriction, two assumptions of wastewater discharge 
reduction during drought conditions, 5% and 15%, are used to simulate the performance 
of policies targeting either consumptive use reduction or non-consumptive use 
reduction respectively. 
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The two drought-triggered water use restriction scenarios that will be modeled are 
presented below in Table 4.6-4. 
 
 
 
Table 4.6-4 Water Use Restriction Scenarios 
Scenario Simulated Use Reduction 
Percent Reduction 
Residential Water Wastewater 
1 Consumptive Use 15% 5% 
2 Non-Consumptive Use 15% 15% 
 
 
 
In 2010 PWD compiled available water use data in the Schuylkill River watershed to 
approximate consumptive use on a sub-watershed scale (PWD 2010).  The data collected 
in that effort is used in this modeling analysis, but rather than on a watershed scale the 
withdrawals and discharges are totaled by model reach or the contributing area above 
starting nodes.  Data is available on private domestic wells, surface and groundwater 
supplies, discharge to septic systems, wastewater treatment plant discharge, 
agricultural, mining, golf courses, power sector, industrial, self supplied commercial and 
industrial, and miscellaneous withdrawals and discharges. 
Only private domestic wells, surface and groundwater potable supplies, discharge to 
septic systems, and wastewater treatment plant discharge are compiled according to 
model reach because the other uses do not fall under PA voluntary water use restriction 
policies.  The remaining categories are excluded from this analysis because they are only 
reduced during Drought Emergency pending negotiations with PADEP on a case by 
case basis. 
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Private domestic wells and discharge to septic systems are estimated in the PWD 2010 
analysis based on a watershed basis and must be adapted to the modeling environment.  
In order to adapt these two estimates of withdrawal and discharge to the modeling 
analysis, the difference between discharge to septic systems and total private domestic 
well withdrawals will be divided by the total number of reaches and starting nodes 
influenced by withdrawals and discharges.  The fractioned consumptive use, cut by 15% 
and 5% given the modeling scenario, will then be evenly distributed to each starting 
node and reach as calculated below: 
Total Discharge to Septic Systems = 26.9 CFS 
Total Private Domestic Well Withdrawal = 28.5 CFS 
Use Difference = 26.9 – 28.5 = -1.6 CFS 
Consumptive Use from Private Domestic Wells and Discharges to Septic Systems =  
-1.6 CFS / 31 Nodes and Reaches = -0.052 CFS, or -0.033 MGD 
Reach 485 to 487, and end point node 487, is excluded from the compensation for septic 
systems and private domestic wells because the reach is within Philadelphia where the 
contributing area does not contain any septic systems or private domestic wells. 
Table 4.6-5 below presents the total withdrawals and discharges per model reach as well 
as the difference between septic discharges and private wells.  The final column in Table 
4.6-5 is the estimate of gain or loss to the reach from withdrawals and discharges.  
Where the number is positive, discharges are larger than withdrawals, and where the 
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number is negative, withdrawals are greater than discharges.  The gains and losses vary 
from reach to reach, driven by the location of intakes and outfalls.   
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Table 4.6-5 Existing Reach and Node Withdrawals and Discharges, CFS 
Reach 
Cubic Feet per Second, CFS 
Wastewater 
Discharge 
Water 
Withdrawal 
Discharge to 
Septic - Private 
Well Withdrawal 
Reach 
Consumptive 
Use* 
454 to 455 2.3 0.60 -0.05 1.7 
456 to 457 0.8 6.25 -0.05 -5.5 
459 to 460 3.8 5.64 -0.05 -1.9 
460 to 463 0.4 0.89 -0.05 -0.6 
461 to 462 3.9 4.77 -0.05 -0.9 
462 to 463 0.0 0.05 -0.05 -0.1 
463 to 464 4.4 29.04 -0.05 -24.7 
464 to 465 1.7 6.36 -0.05 -4.7 
465 to 468 35.2 17.89 -0.05 17.3 
466 to 467 0.3 1.41 -0.05 -1.1 
468 to 469 11.9 0.20 -0.05 11.7 
469 to 481 19.6 53.80 -0.05 -34.2 
471 to 475 5.1 1.81 -0.05 3.2 
473 to 474 9.4 3.71 -0.05 5.6 
474 to 475 0.0 0.0 -0.05 -0.1 
475 to 478 12.2 2.87 -0.05 9.3 
478 to 481 0.0 23.58 -0.05 -23.6 
479 to 481 0.0 0.24 -0.05 -0.3 
480 to 481 0.0 1.47 -0.05 -1.5 
481 to 482 4.7 28.46 -0.05 -23.8 
482 to 485 26.7 0.22 -0.05 26.4 
483 to 484 0.0 6.73 -0.05 -6.8 
485 to 487 0.0 285 N/A -285.0 
Above 454 2.0 1.78 -0.05 0.2 
Above 459 10.5 10.40 -0.05 0.1 
Above 461 0.2 0.10 -0.05 0.0 
Above 466 0.5 0.26 -0.05 0.2 
Above 471 1.8 2.82 -0.05 -1.1 
Above 477 8.7 1.46 -0.05 7.2 
Above 479 0.0 0.65 -0.05 -0.7 
Above 480 0.0 0.03 -0.05 -0.1 
Above 483 17.1 5.44 -0.05 11.7 
Freshwater Schuylkill 183.3 503.9 -1.6 -322.2 
Total above 482 
Norristown** 139.5 206.5 -1.4 -68.5 
*Reach Consumptive Use = Wastewater Discharge – Water Withdrawal + Septic – Private Well  
** Excludes above 483, 483 to 484, 482 to 285, and 485 to 487 
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In order to model the two scenarios in Table 4.6-4, residential water use must first be 
estimated from the water withdrawals presented above in Table 4.6-5.  After residential 
water use is estimated and reduced by 15%, total water withdrawal per reach is then 
calculated by adding the reduced residential withdrawals with the starting commercial-
industrial withdrawals, Table 4.6-6. 
After the water withdrawals are reduced, the wastewater and difference between septic 
and private well withdrawals are then be reduced by 5% and 15%, Table 4.6-7. 
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Table 4.6-6 15% Reduction in Water Withdrawals 
Reach 
Withdrawals, Cubic Feet per Second, CFS 
Total 
Withdrawal 
Comm. – 
Ind. 
Starting 
Residential 
15% Cut to 
Residential 
15% Cut to 
Withdrawals 
454 to 455 0.6 0.0 0.6 0.5 0.5 
456 to 457 6.2 1.1 5.2 4.4 5.5 
459 to 460 5.6 1.0 4.6 4.0 4.9 
460 to 463 0.9 0.0 0.9 0.8 0.8 
461 to 462 4.8 0.9 3.8 3.3 4.2 
462 to 463 0.1 0.0 0.1 0.0 0.0 
463 to 464 29.0 14.1 15.0 12.7 26.8 
464 to 465 6.4 1.3 5.1 4.3 5.6 
465 to 468 17.9 3.0 14.9 12.7 15.7 
466 to 467 1.4 0.0 1.4 1.2 1.2 
468 to 469 0.2 0.0 0.2 0.2 0.2 
469 to 481 53.8 10.7 43.1 36.7 47.3 
471 to 475 1.8 0.0 1.8 1.5 1.5 
473 to 474 3.7 0.0 3.7 3.2 3.2 
474 to 475 0.0 0.0 0.0 0.0 0.0 
475 to 478 2.9 0.0 2.9 2.4 2.4 
478 to 481 23.6 4.7 18.9 16.0 20.7 
479 to 481 0.2 0.0 0.2 0.2 0.2 
480 to 481 1.5 0.0 1.5 1.2 1.2 
481 to 482 28.5 5.4 23.1 19.6 25.0 
482 to 485 0.2 0.0 0.2 0.2 0.2 
483 to 484 6.7 1.3 5.4 4.6 5.9 
485 to 487 285.0 128.2 156.7 133.2 261.4 
Above 454 1.8 0.0 1.8 1.5 1.5 
Above 459 10.4 2.1 8.3 7.1 9.2 
Above 461 0.1 0.0 0.1 0.1 0.1 
Above 466 0.3 0.0 0.3 0.2 0.2 
Above 471 2.8 0.0 2.8 2.4 2.4 
Above 477 1.5 0.0 1.5 1.2 1.2 
Above 479 0.7 0.0 0.7 0.6 0.6 
Above 480 0.0 0.0 0.0 0.0 0.0 
Above 483 5.4 0.6 4.8 4.1 4.7 
Freshwater 
Schuylkill 503.9 46.1 457.8 280.1 454.5 
Total above 482 
Norristown* 206.5 44.2 162.4 138.0 182.2 
* Excludes above 483, 483 to 484, 482 to 285, and 485 to 487 
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Table 4.6-7 Drought Wastewater Discharges, 5% and 15 % Reductions 
Reach 
Cubic Feet per Second, CFS 
Wastewater 
Discharge 
Discharge to 
Septic - 
Private Well 
Withdrawal* 
Wastewater 
Corrected for 
Septic and 
Private Wells** 
5% Cut to 
Wastewater 
15% Cut to 
Wastewater 
454 to 455 2.3 -0.05 2.3 2.2 1.9 
456 to 457 0.8 -0.05 0.7 0.7 0.6 
459 to 460 3.8 -0.05 3.8 3.6 3.2 
460 to 463 0.4 -0.05 0.3 0.3 0.3 
461 to 462 3.9 -0.05 3.8 3.6 3.3 
462 to 463 0.0 -0.05 -0.1 0.0 0.0 
463 to 464 4.4 -0.05 4.3 4.1 3.7 
464 to 465 1.7 -0.05 1.6 1.5 1.4 
465 to 468 35.2 -0.05 35.2 33.4 29.9 
466 to 467 0.3 -0.05 0.3 0.3 0.2 
468 to 469 11.9 -0.05 11.9 11.3 10.1 
469 to 481 19.6 -0.05 19.6 18.6 16.7 
471 to 475 5.1 -0.05 5.1 4.8 4.3 
473 to 474 9.4 -0.05 9.3 8.9 7.9 
474 to 475 0.0 -0.05 -0.1 0.0 0.0 
475 to 478 12.2 -0.05 12.2 11.6 10.3 
478 to 481 0.0 -0.05 -0.1 0.0 0.0 
479 to 481 0.0 -0.05 -0.1 0.0 0.0 
480 to 481 0.0 -0.05 -0.1 0.0 0.0 
481 to 482 4.7 -0.05 4.6 4.4 3.9 
482 to 485 26.7 -0.05 26.6 25.3 22.6 
483 to 484 0.0 -0.05 -0.1 0.0 0.0 
485 to 487 0.0 N/A 0.0 0.0 0.0 
Above 454 2.0 -0.05 2.0 1.9 1.7 
Above 459 10.5 -0.05 10.5 9.9 8.9 
Above 461 0.2 -0.05 0.1 0.1 0.1 
Above 466 0.5 -0.05 0.5 0.5 0.4 
Above 471 1.8 -0.05 1.7 1.6 1.5 
Above 477 8.7 -0.05 8.7 8.2 7.4 
Above 479 0.0 -0.05 -0.1 0.0 0.0 
Above 480 0.0 -0.05 -0.1 0.0 0.0 
Above 483 17.1 -0.05 17.1 16.2 14.5 
Freshwater 
Schuylkill 183.3 -1.6 181.7 172.6 154.4 
Total above 482 
Norristown* 139.5 -1.4 138.0 131.1 117.3 
* Excludes above 483, 483 to 484, 482 to 285, and 485 to 487 
**Sum total of columns two and three, 5% and 15% reductions applied to this column 
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Table 4.6-8 Consumptive Use by Reach in Reduction Scenarios 
Reach 
Cubic Feet per Second, CFS 
Targeted Consumptive Use  
Reduction Scenario 1 
Targeted Non-Consumptive Use  
Reduction Scenario 2 
Withdrawals 
15% Cut 
Discharges 
5% Cut 
Consumptive 
Use** 
Withdrawals 
15% Cut 
Discharges 
15% Cut 
Consumptive 
Use** 
454 to 455 0.5 2.2 1.66 0.5 1.9 1.4 
456 to 457 5.5 0.7 -4.79 5.5 0.6 -4.9 
459 to 460 4.9 3.6 -1.36 4.9 3.2 -1.7 
460 to 463 0.8 0.3 -0.45 0.8 0.3 -0.5 
461 to 462 4.2 3.6 -0.56 4.2 3.3 -0.9 
462 to 463 0.0 0.0 -0.09 0.0 0.0 -0.1 
463 to 464 26.8 4.1 -22.68 26.8 3.7 -23.1 
464 to 465 5.6 1.5 -4.06 5.6 1.4 -4.2 
465 to 468 15.7 33.4 17.77 15.7 29.9 14.3 
466 to 467 1.2 0.3 -0.94 1.2 0.2 -1.0 
468 to 469 0.2 11.3 11.10 0.2 10.1 9.9 
469 to 481 47.3 18.6 -28.72 47.3 16.7 -30.7 
471 to 475 1.5 4.8 3.27 1.5 4.3 2.8 
473 to 474 3.2 8.9 5.72 3.2 7.9 4.8 
474 to 475 0.0 0.0 -0.05 0.0 0.0 0.0 
475 to 478 2.4 11.6 9.13 2.4 10.3 7.9 
478 to 481 20.7 0.0 -20.80 20.7 0.0 -20.8 
479 to 481 0.2 0.0 -0.26 0.2 0.0 -0.3 
480 to 481 1.2 0.0 -1.30 1.2 0.0 -1.3 
481 to 482 25.0 4.4 -20.62 25.0 3.9 -21.1 
482 to 485 0.2 25.3 25.11 0.2 22.6 22.5 
483 to 484 5.9 0.0 -5.97 5.9 0.0 -6.0 
485 to 487 261.4 0.0 -261.45 261.4 0.0 -261.4 
Above 454 1.5 1.9 0.34 1.5 1.7 0.1 
Above 459 9.2 9.9 0.79 9.2 8.9 -0.3 
Above 461 0.1 0.1 0.03 0.1 0.1 0.0 
Above 466 0.2 0.5 0.23 0.2 0.4 0.2 
Above 471 2.4 1.6 -0.76 2.4 1.5 -0.9 
Above 477 1.2 8.2 6.99 1.2 7.4 6.1 
Above 479 0.6 0.0 -0.60 0.6 0.0 -0.6 
Above 480 0.0 0.0 -0.08 0.0 0.0 -0.1 
Above 483 4.7 16.2 11.52 4.7 14.5 9.8 
Freshwater 
Schuylkill 454.5 172.6 -281.86 454.5 154.4 -300.0 
Total above 482 
Norristown* 182.2 131.1 -51.07 182.2 117.3 -64.9 
* Excludes above 483, 483 to 484, 482 to 285, and 485 to 487 
** Consumptive Use = Discharges –Withdrawals  
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Table 4.6-8 above calculates the reach consumptive use under 15% residential water use 
restriction and 5% and 15% wastewater discharge restriction scenarios. 
The water use restrictions are applied in the model as the difference between what is 
estimated to be the existing consumptive use within each reach and the consumptive use 
in each reach under Scenario 1 and Scenario 2 restrictions (Table 4.6-4).  The differences 
in reach consumptive use under Scenario 1 and Scenario 2 restrictions are presented 
below in Table 4.6-9. 
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Table 4.6-9 Drought Consumptive Use Differences 
Reach 
Estimated Consumptive Use, CFS Difference in Consumptive Use from Existing, CFS 
Existing Scenario 1** 
Scenario 
2** 
Scenario 
1** Scenario 2** 
454 to 455 1.69 1.66 1.44 0.0 0.25 
456 to 457 -5.53 -4.79 -4.86 -0.7 -0.67 
459 to 460 -1.87 -1.36 -1.73 -0.5 -0.13 
460 to 463 -0.57 -0.45 -0.48 -0.1 -0.09 
461 to 462 -0.94 -0.56 -0.94 -0.4 0.00 
462 to 463 -0.10 -0.09 -0.09 0.0 -0.02 
463 to 464 -24.71 -22.68 -23.11 -2.0 -1.59 
464 to 465 -4.74 -4.06 -4.22 -0.7 -0.52 
465 to 468 17.30 17.77 14.25 -0.5 3.04 
466 to 467 -1.14 -0.94 -0.97 -0.2 -0.17 
468 to 469 11.66 11.10 9.91 0.6 1.75 
469 to 481 -34.21 -28.72 -30.68 -5.5 -3.53 
471 to 475 3.25 3.27 2.76 0.0 0.49 
473 to 474 5.63 5.72 4.78 -0.1 0.84 
474 to 475 -0.05 -0.05 -0.04 0.0 -0.01 
475 to 478 9.30 9.13 7.91 0.2 1.40 
478 to 481 -23.63 -20.80 -20.79 -2.8 -2.84 
479 to 481 -0.29 -0.26 -0.25 0.0 -0.04 
480 to 481 -1.52 -1.30 -1.29 -0.2 -0.23 
481 to 482 -23.85 -20.62 -21.08 -3.2 -2.77 
482 to 485 26.41 25.11 22.45 1.3 3.96 
483 to 484 -6.78 -5.97 -5.97 -0.8 -0.82 
485 to 487 -284.96 -261.45 -261.45 -23.5 -23.51 
Above 454 0.17 0.34 0.15 -0.2 0.03 
Above 459 0.06 0.79 -0.26 -0.7 0.32 
Above 461 0.02 0.03 0.02 0.0 0.00 
Above 466 0.21 0.23 0.18 0.0 0.03 
Above 471 -1.09 -0.76 -0.93 -0.3 -0.16 
Above 477 7.20 6.99 6.12 0.2 1.08 
Above 479 -0.70 -0.60 -0.60 -0.1 -0.11 
Above 480 -0.08 -0.08 -0.07 0.0 -0.01 
Above 483 11.65 11.52 9.81 0.1 1.84 
Freshwater 
Schuylkill -322.20 -281.86 -300.03 -40.35 -22.18 
Total above 482 
Norristown* -68.5 -51.07 -64.9 -17.46 -3.7 
* Excludes above 483, 483 to 484, 482 to 285, and 485 to 487 
** Scenario 1 targets consumptive use reduction, Scenario 2 targets non-consumptive use 
reduction  
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The Scenario 1 and Scenario 2 water use restrictions are modeled according to reach end 
point in order to capture geographically where the drought based water use restrictions 
could occur in the Schuylkill River watershed based on the actual locations of 
withdrawals and discharges.  The consumptive use differences for reaches entering 
confluence nodes are summed to represent one value for the downstream confluence 
nodes; 463, 475, and 481.  The consolidated list of reach endpoints and consumptive use 
differences are presented below in Table 4.6-10. 
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Table 4.6-10 Reach End Point Drought Consumptive Use Differences 
Reach End 
Point 
Contributing 
Reach(es) 
Cubic Feet Per Second, CFS 
Consumptive Use Difference 
Scenario 1 Scenario 2 
454 Above 454 -0.17 0.03 
455 454 to 455 0.02 0.25 
457 456 to 457 -0.74 -0.67 
459 Above 459 -0.73 0.32 
460 459 to 460 -0.51 -0.13 
461 Above 461 -0.01 0.00 
462 461 to 462 -0.39 0.00 
463 460 to 463, 462 to 463 -0.13 -0.10 
464 463 to 464 -2.03 -1.59 
465 464 to 465 -0.68 -0.52 
466 Above 466 -0.02 0.03 
467 466 to 467 -0.20 -0.17 
468 465 to 468 -0.47 3.04 
469 468 to 469 0.56 1.75 
471 Above 471 -0.34 -0.16 
474 473 to 474 -0.09 0.84 
475 471 to 475, 474 to 475 -0.02 0.48 
477 Above 477 0.21 1.08 
478 475 to 478 0.18 1.40 
479 Above 479 -0.10 -0.11 
480 Above 480 -0.01 -0.01 
481 469 to 481, 478 to 481, 479 to 481, 480 to 481 -8.59 -6.64 
482 481 to 482 -3.23 -2.77 
483 Above 483 0.13 1.84 
484 483 to 484 -0.81 -0.82 
485 482 to 485 1.30 3.96 
487 485 to 487 -23.51 -23.51 
Total Schuylkill -40.35 -22.18 
Total above 482 Norristown* -17.46 -3.65 
* Excludes above 483, 483 to 484, 482 to 285, and 485 to 487 
** Scenario 1 targets consumptive use reduction, Scenario 2 targets non-consumptive use 
reduction  
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In Table 4.6-5 through Table 4.6-9, the reach gain created by discharges exceeding 
withdrawals is intuitively represented by a positive value, where a negative value 
represents withdrawals exceeding discharges.  A positive consumptive use difference in 
Table 4.6-9 and Table 4.6-10 represents the inverse because it is the difference between 
estimated existing consumptive use and estimated drought consumptive use.  A positive 
value indicates that existing consumptive use is greater than drought restricted 
consumptive use.  In order to simulate this in OASIS without re-calculating node 
inflows, the positive consumptive use differences are removed from the reach and the 
negative consumptive use differences are added to the reach when drought conditions 
in Table 4.6-3 are triggered.   Scenario 1, which was designed to target consumptive use 
reduction specifically, will reduce consumptive use by 17.46 CFS, which means the river 
will have 17.46 CFS more when all county drought triggers are activated at the same 
time.  Scenario 2, which was targeted to reduce non-consumptive use, only reduces 
consumptive use overall by 3.65 CFS. 
In order to constrain where the water to supply the drought-triggered gains and losses 
are coming from and going to, 905 Drought Reservoir is added to the model and used 
for the sole purpose of releasing and receiving water during conditions when drought is 
triggered.  This approach prevents 455 Blue Marsh or 900 Channel Routing Reservoir to 
function outside of their specified roles and contribute to drought condition reach gains 
or losses.  Arcs are used to move water in and out of end point nodes in the direction of 
the values in Table 4.6-10 above.  A negative value is modeled by an arc moving from 
905 Drought Reservoir into the reach end point, and a positive value is represented by 
an arc moving from the reach end point into 905 Drought Reservoir. 
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Lastly, Table 4.6-11 summarizes the estimated consumptive use difference by county 
trigger node given Scenario 1 and Scenario 2 reductions. 
 
 
 
Table 4.6-11 County Drought Consumptive Use Differences 
County Drought Indicator Node 
Drought 
Trigger 
Streamflow* 
Estimated 
Existing 
Consumptive 
Use, CFS 
Consumptive Use 
Difference, CFS 
Scenario 
1*** 
Scenario 
2*** 
Berks 454 Berneville 31 CFS -16.7 -4.3 0.34 
Schuylkill 460 Landingville 61 CFS -3.4 -1.8 0.1 
Montgomery 475 Graterford 90 CFS -36.7 -11.3 -2.3 
Philadelphia 482 Norristown 587 CFS -265.3 -23.0 -20.4 
Total Schuylkill -322.2 -40.3 -22.2 
Total Above 482 Norristown** -68.5 -17.5 -3.7 
*30-Day Average, 5th Percentile Streamflow 
**Excludes nodes responding to the Philadelphia County trigger and node 483 that responds to 
the Montgomery County streamflow trigger 
*** Scenario 1 targets consumptive use reduction, Scenario 2 targets non-consumptive use 
reduction 
 
 
 
When Scenario 1 is simulated, and the drought triggers are activated for all counties 
with tributaries draining to the Norristown node 482, streamflow at Norristown will be 
increased by 17.5 CFS.  The difference in consumptive use between Scenario 1 and 
Scenario 2 is 13.8 CFS.  This means that according to the calculations presented, the 
targeted consumptive use simulation Scenario 1 will add 13.8 CFS more to Norristown 
than the targeted non-consumptive use Scenario 2 when the drought triggers are 
activated for all counties with tributaries draining to the Norristown node 482. 
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4.6.4. Summary of Assumptions Modeling Drought Restrictions 
Presented below in Table 4.6-12 are descriptions of assumptions incorporated into the 
simulation of drought-based water use restrictions.  The overall objective of the 
assumptions is to over-state the performance of Scenario 1 and 2 given when the 
restrictions are triggered, who restricts their water use, the timing of when the 
restrictions occur, and what area of the watershed responds to the drought triggers. 
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Table 4.6-12  Water Use Restriction Policy Assumptions 
Policy Parameter Assumption Is this Conservative to Protecting 
Streamflow? 
Water Use Restriction 
Onset 
30-day running average 
streamflow <5th percentile 
streamflow at indicator 
locations.  As an example, the 
5th percentile streamflow at 
Norristown is 587 CFS. 
Yes, because the water use 
restrictions are triggered prior to 
the need for reservoir releases to 
support the flow targets, 
potentially offsetting size and 
frequency of releases.  The 485 CFS 
and 385 CFS flow targets are well 
below the 587 CFS drought trigger 
at Norristown. 
Water Use Restriction 
Responsible Parties 
All public water supply 
withdrawals and wastewater 
treatment plant discharges are 
incorporated into water use 
restriction calculations. 
Yes, because the calculations 
include all potable withdrawals 
and municipal discharges, the 
water use restrictions are 
mandatory in the model.  In PA 
policies, the restrictions are 
voluntary and individuals may or 
may not participate. 
Water Use Restriction 
Response Timing 
Water use restrictions occur 
on a county by county basis, 
the day after the 30-day 
running average streamflow at 
the county indicator node falls 
below the 5th percentile. 
Yes and no.  In PA policy, 
indicators showing conditions are 
in drought requires convening of 
the Drought Task Force and then a 
formal declaration.  The process 
does not trigger an automatic 
response like the model, meaning 
the model can turn restrictions on 
faster than the formal declaration 
policy process.  The model can also 
turn restrictions off faster than the 
formal process, so a comparison of 
model drought vs. formal declared 
drought emergency will be 
presented in the results to clarify 
this assumption. 
Water Use Restriction 
Indicator Nodes 
Schuylkill River watershed 
locations in counties that do 
not have a PA drought 
indicator streamflow gauge 
location in the Schuylkill River 
watershed are assigned to 
respond to a location based 
within the watershed. 
Yes, because this expands the 
geographic area responding to 
Schuylkill watershed indicator 
locations and, increases the 
number of withdrawals and 
discharges responding to 
Schuylkill conditions. 
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4.7. Baseline Model 
The baseline model simulates the historical streamflow record to provide a reference 
condition against which to compare alternative water resources management policies.  
The baseline model runs off the historical inflow dataset, described in Section 4.2, which 
is corrected to remove endogenous variables in streamflow records in order to prevent 
interference from past reservoir drought operations and the Limerick Nuclear 
Generating Station consumptive use and augmentation policies.  The baseline model 
will run from 10-01-1947 to 09-30-2011, presenting 64 years of simulated Schuylkill River 
streamflow for 34 nodes through 33 arcs. 
4.7.1. Baseline Watershed Management Policies 
For the baseline Schuylkill OASIS model, the operation of Blue Marsh will be 
programmed to follow policies outlined in the 1996 Water Control Manual (the Manual) 
and will include four storage zones; dead, recreational, seasonal, flood.  The baseline 
model will not make DRBC directed releases because there are no Schuylkill River 
watershed triggers for such releases.  The three functions of Blue Marsh outlined in the 
Manual that will be included in the baseline model are flood control, seasonal storage 
elevations, and Tulpehocken Creek minimum release requirements.  In addition to 
incorporating the Blue Marsh operational policies, the PWD diversions, LGS diversions, 
and LGS augmentation policies will also be incorporated into the baseline model. 
4.7.1.1. Minimum Release 
Node 455 Blue Marsh Reservoir is assigned a minimum release of 50 CFS when the 
elevation is above 283 Ft and 30 CFS when the elevation is below 283 Ft, according to 
procedures outlined in Table 7-1 of the Manual.  The minimum releases are comparable 
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to the low conservation release described in Section 3.1.  The code implementing this 
minimum release is included in Appendix B under BlueMarsh_MinRelease.ocl. 
4.7.1.2. Maximum Release 
Node 455 Blue Marsh Reservoir is assigned a maximum release designed to follow the 
flood control procedures detailed in Table 7-1 of the Manual.  Although flood control is 
not a focus of this research, it is a critical function of Blue Marsh Reservoir and therefore 
must be coded into the model given the potential for theoretical policies to encroach on 
the flood storage. 
The spillway crest is at elevation 307 ft, above which reservoir releases will include 
uncontrolled spillway discharges in addition to releases from the flood control gates.  
The maximum release capability of the flood control gates is 5,400 CFS.  In flood events 
where water rises above the spillway crest, the flood control gates remain at maximum 
release until the flood control storage is evacuated.  The spillway rating curve, Table 8-1 
in the Manual, is incorporated into OASIS and spillway discharge is estimated through 
linear interpolation of rating curve points.  The maximum release from node 455 during 
a flood where elevation is above 307 Ft includes spilling discharge plus the flood control 
gate release (spillway + 5,400 CFS). 
Floods where the reservoir elevation does not rise above the spillway follow the 
schedule presented below in Table 4.7-1, taken from Table 7-1 in the Manual. 
  
144 
 
 
Table 4.7-1 Flood Release Schedule for Storage < 307 Ft 
Reading, Stage Ft Reading, CFS Release Maximum, 
CFS 
< 10.5 < 14,863 5,400 
10.5 to 11 14,865 to 15,685 4,000 
11 to 11.5 15,685 to 16,578 2,500 
11.5 to 12 16,578 to 17,757 1,000 
> 12 > 17,757 50 
 
 
 
The flood operations are designed to limit reservoir releases while downstream 
streamflow increases and the reservoir is filling.  However, once the reservoir has filled 
to the spillway elevation the release gates are opened to release the maximum discharge 
until the elevation has fallen below the spillway.  The maximum release from Blue 
Marsh Reservoir is included in Appendix B under BlueMarsh_MaxRelease.ocl. 
4.7.1.3. Demand Deliveries 
There are three demand nodes included in the Schuylkill River model; 470 Limerick 
Schuylkill Demand, 476 Limerick Perkiomen Demand, and 486 Philadelphia Water 
Department Demand.  Each demand node makes a daily withdrawal and follows a 
monthly peaking factor pattern based from observed data. 
The LGS intakes located on the Schuylkill River and Perkiomen Creek are simulated 
here as 476 Limerick Schuylkill Demand and 486 Limerick Perkiomen demand.  
According to data provided to support this research project by LGS, the total 
consumptive withdrawal of LGS follows a seasonal pattern, but there is no clear pattern 
to the intake selection.  In order to standardize the intake selection process for the 
simulations, two thirds of the total consumptive demand is withdrawn through node 
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476, and the remaining one third of the total consumptive demand is withdrawn 
through node 486.  Appendices A.17 and A.23 present in detail the demand patterns. 
The PWD Queen Lane and Belmont intakes are simulated as one withdrawal made 
through node 486 Philadelphia Water Department Demand.  Node 486 is located at the 
confluence of the Wissahickon Creek and the Schuylkill River, the approximate location 
of the Queen Lane drinking water treatment plant.  Appendix A.33 presents in detail the 
PWD demand pattern. 
4.7.1.4. Limerick Cooling Water Augmentation 
The LGS cooling water supply augmentation policies are simulated through two 
reservoir nodes, 458 Wadesville and 472 Bradshaw Reservoir.  The third LGS cooling 
water source, Still Creek Reservoir, is omitted from this simulation.  Releases that LGS 
may request from Still Creek are made from Wadesville in the Schuylkill River OASIS 
Model.  This is due to a lack of elevation, release, and inflow data to add Still Creek 
Reservoir as a model node.  LGS uses a proprietary and deliberative process to decide 
which supply source to use when augmentation is required.  The Schuylkill River Model 
simplifies the decision making process by assigning 458 Wadesville as the source for 
augmentation of 470 Limerick Schuylkill demand, and 472 Bradshaw Reservoir as the 
source of augmentation of 476 Limerick Perkiomen demand.  In the model, two thirds of 
the daily LGS demand is withdrawn through node 470 Limerick Schuylkill and one 
third of the daily demand is withdrawn through 476 Limerick Perkiomen. 
According to the DRBC policies, LGS is required to release from Still Creek or 
Wadesville if streamflow at Pottstown is forecasted to fall below 560 CFS in three days.  
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Additionally, Still Creek and Wadesville are required to continue releasing two days 
after streamflow has risen above 560 CFS.  The Schuylkill River Model does not follow 
the DRBC policies exactly because it cannot forecast three days ahead.  This is because 
the streamflow trigger location, Pottstown, is located below the Tulpehocken Creek 
where reservoir releases enter the mainstem Schuylkill River.  Blue Marsh releases in the 
model under the variety of policies explored in this analysis are governed by the daily 
solution of the linear program, the results of which cannot be forecasted.   
The releases from 458 Wadesville are based on an estimate of streamflow at Pottstown.  
An estimate of streamflow at Pottstown is made prior to the model solution of 
streamflow at Pottstown for that day.  This estimate of the ‘day of’ streamflow at 
Pottstown is used to determine if a release from Wadesville is made that same day.  The 
estimate is made with the assumption that the node 455 Blue Marsh release on that same 
day is equivalent to the conservation release.  In the baseline model this assumption will 
underestimate the size of the reservoir release if the reservoir elevation is at the seasonal 
pool level, and will correctly estimate the reservoir release if the reservoir elevation is 
below the seasonal pool level.  Using the assumption that Blue Marsh will release the 
conservation release, the model estimates the present day streamflow at Pottstown prior 
to the model solving for that day, and this estimate is used to trigger a release from 458 
Wadesville on the day the forecasted streamflow is less than 560 CFS at Pottstown.  In 
the model, releases from Wadesville will cease when the estimated Pottstown 
streamflow rises above 560 CFS. 
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In the Perkiomen Creek watershed, according to current policies the streamflow in the 
East Branch of Perkiomen Creek must be at least 10 CFS, and maintained by releases 
from Bradshaw Reservoir.  Additionally, when streamflow at USGS 01473000 Graterford 
falls below 210 CFS and LGS uses the Perkiomen Creek as a cooling water source, the 
Perkiomen Creek must be augmented with water from Bradshaw Reservoir. 
To simulate this policy with the model, prior to the daily model solution a subroutine 
looks into the inflow database to see if the inflow to node 473 Dublin is less than 10 CFS.  
If inflow to node 473 Dublin will be less than 10 CFS, the subroutine will simulate a 
release from node 472 Bradshaw Reservoir equal to the difference between 10 CFS and 
the Dublin inflow.  The simulated release is used to estimate the streamflow at nodes 
further downstream the Perkiomen Creek at node 475 Graterford.  If the streamflow at 
475 Graterford is estimated to be less than 210 CFS, node 472 Bradshaw Reservoir will 
make a release in the amount of the size of the withdrawal at node 476 Limerick 
Perkiomen Demand.  If the streamflow at 475 Graterford is estimated to be above 210 
CFS, yet the inflow at Dublin is less than 10 CFS, node 472 Bradshaw Reservoir will 
release the difference between 10 CFS and the Dublin inflow.  Node 472 Bradshaw 
Reservoir will not release when the Dublin inflow is 10 CFS or greater and the estimated 
node 475 Graterford streamflow is 210 CFS or greater. 
The policy components that comprise the LGS cooling water augmentation and a 
comparison between the present DRBC policies and those simulated in the model are 
presented below in Table 4.7-2. 
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Table 4.7-2 Limerick Generating Station DRBC Policy and Simulated Policy Comparison 
Policy Component Policy: DRBC 1969-210CP-13 Policy: Model Simulation 
Intake Locations Perkiomen Creek and Schuylkill River Perkiomen Creek and Schuylkill River 
Intake Location Used Deliberative LGS process to decide whether the Schuylkill or Perkiomen intake will be used 
2/3 demand from Schuylkill withdrawal, and 
1/3 demand from Perkiomen withdrawal 
Augmentation Sources Still Creek, Wadesville, Bradshaw Reservoir Wadesville and Bradshaw Reservoir 
East Branch Perkiomen Minimum 
Streamflow 10 CFS at Dublin 10 CFS at Dublin 
Unit Operations 1 or 2 units based on power demand 2 units 
2 Units Operating Cooling Water 
Augmentation Triggers 560 CFS Pottstown, 210 Graterford 560 CFS Pottstown, 210 Graterford 
Wadesville Time of Travel Release made 3 days before streamflow is forecasted to fall below 560 CFS 
Release made day streamflow is estimated to 
fall below 560 CFS 
Wadesville Release Cessation Release stopped when 3-day forecasted streamflow rises above trigger 
Release stopped the day streamflow is 
estimated to rise above 560 CFS 
Wadesville Release Amount 100% cooling water demand when selected as augmentation source 2/3 cooling water demand 
Bradshaw Time of Travel Release made one day before forecasted Graterford streamflow falls below trigger 
Release made same day streamflow at 
Graterford is estimated to fall below 210 CFS 
Bradshaw Release Cessation Release stopped when one-day forecasted Graterford streamflow rises above trigger 
Release stopped when same day streamflow at 
Graterford is estimated to rise above 210 CFS 
Bradshaw Release Amount 100% cooling water demand when selected as augmentation source 1/3 cooling water demand 
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4.7.1.5. Blue Marsh Pool Elevation Schedule 
The Blue Marsh elevation is simulated in the baseline model at seasonal elevations and 
pool transition schedules as defined in the Manual, presented in Table 4.7-3 below.  In 
addition to the summer and winter pool elevations, Blue Marsh is also a popular 
recreational regional destination, and maintenance of the recreational pool at 283 ft. is an 
important variable for manipulation of Blue Marsh storage zone weights in comparative 
model simulations.  However, the recreational pool will be programmed as an 
additional reservoir zone but given an equivalent weight to the seasonal zone for 
baseline purposes only. 
 
 
 
Table 4.7-3 Seasonal Pool Elevations 
Pool Elevation, Feet 
Volume Above Dead Storage 
Time Period 
Acre-Feet Billion Gallons 
Summer Pool 290 19,895 6.48 Apr 16 – Sept 30 
Winter Pool 285 14,621 4.76 Oct 16 – Mar 31 
Refill 285 – 290 - - Apr 1 – Apr 15 
Drawdown 290 - 285 - - Oct 1 – Oct 15 
Recreation 261 - 283 12,855 4.19 Year Round 
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Figure 4.7-1 Blue Marsh Pool Levels and Model Zone Definitions  
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4.8. Baseline Objective Function 
Decision variables in the objective function are prioritized through the application of 
weights, which dictate the order in which the model will attempt to achieve each goal. 
The operations to be captured by the objective function of the baseline scenario include: 
1. Maintain policy specified reservoir storage 
2. Make all policy specified reservoir conservation releases 
3. Make all policy specified flood control storage releases 
4. Make all demand deliveries 
In the baseline scenario the weights are used to prioritize the order in which decision 
variables will be met.  Observed data is used to validate the weight priority, as well as 
the routing, inflows, and policy execution as described in Section 3.9. 
The objective function for the baseline scenario is: 
Maximize: W1 * QA455456 + W2 * QA458459 + W3 * QA472473 + W4 * DEL470 + W5 * 
DEL476 + W6 * DEL486 + W7 * STA455 + W8 * STB455 + W9 * STC455 - W10 
* STD455 
Where: 
W1 … W10 = Decision variable weights 
QA455456 = Flow in arc from node 455 to 456, which exits Blue Marsh Reservoir 
QA458459 = Flow in arc from node 458 to 459, which exits Wadesville Mine Pool 
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QA472473 = Flow in arc from node 472 to 473, which exits Bradshaw Reservoir 
DEL470 = Demand delivery to node 470 Limerick Schuylkill Demand 
DEL476 = Demand delivery to node 476 Limerick Perkiomen Demand 
DEL486 = Demand delivery to node 486 Philadelphia Water Department Demand 
STA455 = Blue Marsh Reservoir Storage Zone A, emergency pool 
STB455 = Blue Marsh Reservoir Storage Zone B, water quality pool 
STC455 = Blue Marsh Reservoir Storage Zone C, recreation pool 
STD455 = Blue Marsh Reservoir Storage Zone D, flood control storage 
QB = Flow in arc above the minimum release QA 
 
Subject to constraints: 
Total Storage= STA + STB + STC + STD    Storage splitting  
Total Arc Flow = QA + QB      Arc splitting  
Flow In (t) + Inflow (t) – Delivery (t) = Flow Out (t)   Continuity of flow 
Flow In (t) + Inflow (t) + Storage (t-1) = Flow Out (t)  + Storage (t) Continuity of storage 
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4.9. Model Verification 
A functional verification of the Schuylkill River OASIS model is presented in Appendix 
C to demonstrate the model is executing as programmed.  Verification involves testing if 
the program is performing as directed, as opposed to validation which tests that the 
conceptual formulation of the program is accurate (Law AM and Kelton WD 1991).  
Regarding the Schuylkill River OASIS model, verification is more appropriate than 
validation because the model is not simulating the hydrologic cycle to produce 
streamflow results.  Rather, the Schuylkill River OASIS model is taking observed 
historical streamflow data and manipulating it with computer subroutines. 
A combination of modular programming, modular testing, and statistical comparison 
are verification techniques applied to the Schuylkill River OASIS model (Kleijnen JPC 
1995).  Modular programming and testing simply involves breaking programming 
objectives, or in this case policies, down into smaller subroutines that can be tested and 
verified independently of overlapping policies.  Statistical comparison is used to verify 
that model output generated by the inflow database and baseline subroutines reproduce 
the observed historical streamflow record. 
The programming language of OASIS is the Operations Control Language (OCL).  OCL 
is FORTRAN based and unique to OASIS.   
The Schuylkill River OASIS model has two components, deterministic simulation and 
linear programming, listed in Table 4.9-1.   
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Table 4.9-1 Model Components 
Linear Programming  
Deterministic Simulation 
Uniquely 
Determined Input OCL Subroutines 
Flood Pool Daily Inflows  (Static database) Routing Equations 
Reservoir Pools  Drought Trigger and Demand Restriction Policy 
Reservoir Hedging  Limerick Augmentation Policies 
Flow Target  Seasonal Reservoir Rule Curve 
 
 Flow Target Release Size 
 
 
 
The linear programming optimization component maximizes the objective function 
(Section 4.8) according to the order of priority of decision variables assigned by the user 
as weights.  Decision variable weights are used to ensure water is only stored in the 
flood pool during flood events, the reservoir fills from bottom to top and empties from 
top to bottom, and that the flow target is released from the reservoir pools designated in 
the three hedging policy series (Section 3.4). 
The deterministic component is comprised of uniquely determined inputs and OCL 
subroutines programmed to carry out watershed policies.  The uniquely determined 
inputs include the daily inflows calculated from historical streamflow data outside of 
the OASIS modeling environment as described in Sections 4.4 and 4.5. 
OCL subroutines are considered here to be a component of the deterministic simulation 
because the policy subroutines will not change during the full time span of each 
simulation, 64 years in this analysis.  For example, once the reservoir seasonal rule curve 
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is set, each spring and fall the reservoir storage will be adjusted by the model to meet the 
same storage objective per season for all 64 years. 
The inflows, subroutines and weights work together in combination to produce the 
variety of policies explored with the Schuylkill River OASIS model.  In order to verify 
that each component is working correctly, and working with the other components 
correctly, five verification objectives must be met.  The baseline model is used in the first 
three verification objectives, and the fourth and fifth objectives require demonstration of 
specific policy programming. 
The five verification objectives include: 
1. Blue Marsh Reservoir, node 455, follows the seasonal rule curve in Section 3.3. 
2. The Limerick augmentation policies release the correct amount of water from 
Bradshaw Reservoir and Wadesville when triggered. 
3. The historical streamflow record is replicated by the baseline model. 
4. The flow target policy maintains the designated target at node 482 Norristown when 
water is available in the Blue Marsh Reservoir, node 455. 
5. The drought demand restriction policies return the correct amount of water to each 
reach when drought is triggered. 
Demonstrations of reservoir operations, Limerick augmentation, flow target, and 
drought restriction subroutines are presented using one to two months of model results 
and subroutine calculations.  Statistical verification of model results to observed data 
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uses the most recent 15 years of the simulation from 1996 to 2011.  Instances where 
model output differs from observed data due to DRBC directed releases or how the 
actual Limerick augmentation decision making process differs from that in the Limerick 
subroutine are highlighted and the differences explained.  The flow target and drought 
demand restriction subroutines are verified during a drought that occurred in the 
summer of 1957.   
In Table 4.9-2 each verification objective is presented, broken down into distinct 
components to verify, and listed next to the individual model components whose 
functionality is being verified.  All model components presented in Table 4.9-1 are 
represented in Table 4.9-2.  As detailed in Appendix C, all objectives and components 
are verified to be working as designed. 
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Table 4.9-2 Verification Objectives and Components 
Verification 
Objective Verification Components 
Model Component(s) 
Involved in 
Verification 
Blue Marsh 
Reservoir, node 
455, follows the 
seasonal pool 
elevation 
schedule. 
Section C.1.1 
The reservoir maintains a 290 Ft summer 
elevation and 285 Ft winter elevation. Verified 
manually by comparison to seasonal schedule 
and observed data during normal conditions, 
DRBC directed releases, and the September 2006 
flood. 
Deterministic 
Components: 
Seasonal Reservoir 
Rule Curve and 
Flooding Subroutines 
 
Linear Programming 
Component: Flood 
and Reservoir Pools 
The Limerick 
augmentation 
policies release 
water from 
Bradshaw 
Reservoir and 
Wadesville when 
triggered. 
Section C.1.2 
Node 472 Bradshaw Reservoir is maintaining 
the minimum required flow at node 473 Dublin 
and releasing the correct amount when 
triggered by streamflow at 475 Graterford. Deterministic 
Components: 
Limerick 
Augmentation 
Subroutines 
Node 458 Wadesville is releasing the correct 
amount when triggered by 468 Pottstown. 
Output at 482 Norristown is compared to 
historical Norristown streamflow during a 
period of observed and simulated Limerick 
augmentation policy operations. 
The historical 
streamflow record 
is replicated by 
the baseline 
model. 
Section C.1.3 
All routing equations are written correctly.  
Tested by looking for no upward or downward 
trends in the channel storage reservoir and 
agreement with the observed historical 
streamflow record. 
Deterministic 
Components: 
Daily Inflows, 
Routing Equation 
Subroutine 
The historical streamflow record is replicated by 
the inflow database and routing coefficients.  
Statistical comparison is used to verify 
agreement. 
The flow target 
policy maintains 
the designated 
target at node 482 
Norristown when 
water is available. 
Section C.1.4 
The subroutine calculating the amount of water 
needed to hit the flow target is calculating the 
correct amount. 
Deterministic 
Component:  
Flow Target 
Subroutine 
 
Linear Programming: 
Flow Target and 
Reservoir Hedging 
The subroutine estimating that a flow target 
release will need to be made is calling for a 
release at the correct time. 
The flow target release is made from the correct 
reservoir pool according to each hedging policy, 
Section 3.3.  Output verified manually to check 
the accuracy of these three components. 
Drought water use 
restrictions occur 
when drought is 
triggered. 
Section C.1.5 
The drought triggers are calculated correctly. Deterministic 
Components: 
Drought Trigger and 
Demand Restriction 
Subroutines 
The correct amounts of water are returned to the 
river in both restriction scenarios. Output verified 
manually to check the accuracy of these 
components. 
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5. Results 
5.1. Baseline Model Results 
The results of the baseline model run, 10-01-1947 to 09-30-2011, are presented here in 
detail to provide an overview of simulated Schuylkill River hydrology with the 
influence of historical policies removed and current nuclear power consumptive use 
augmentation policies applied to the full modeling period. 
5.1.1. Streamflow Duration 
Streamflow duration curves are presented for nodes 463 Little Schuylkill, 468 Pottstown, 
and 482 Norristown to demonstrate conditions in the upper, middle, and lower reaches 
of the Schuylkill River watershed.  Figure 5.1-1 presents the streamflow duration of year 
round results and Figure 5.1-2 presents July-September results to isolate the months 
with low streamflow. 
As reflected in both graphs, and discussed in a comparison of observed data in 
Appendix A.29, there is minimal gain, and in some circumstances loss of streamflow, 
between Pottstown and Norristown despite a 613 square mile increase in drainage area 
between the two locations.  The causes and detailed extent to which the lower Schuylkill 
River becomes a losing reach under certain conditions is outside the scope of this 
research project, but is a critical behavior of the regional drinking water supply that 
requires further analysis. 
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Figure 5.1-1 Baseline Full Model Period Streamflow Duration at Little Schuylkill, Pottstown, and Norristown 
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Figure 5.1-2 Baseline Full Model Period July-September Streamflow Duration at Little Schuylkill, Pottstown, and Norristown
Losing Reach 
Conditions 
161 
 
 
One additional flow duration curve, Figure 5.1-3, presents the baseline 80-100% 
exceedance low streamflow conditions in the Schuylkill River compared to the 485 CFS 
and 385 CFS streamflow objectives explored. 
 
 
 
 
Figure 5.1-3 Baseline Full Model Period July-September Streamflow Duration at Norristown 
 
 
 
In the baseline condition, where reservoir releases are not made to augment lower 
Schuylkill streamflow, the 485 CFS streamflow objective is exceeded approximately 
85.5% of the 64-year modeling period summer months July-September.  Additionally in 
the baseline condition, the 385 CFS streamflow is exceeded approximately 92.5% of the 
64-year modeling period summer months July-September. 
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5.1.2. Baseline Performance Metrics 
The performance metrics described in Chapter 2 are calculated for the baseline results, 
and presented below in Table 5.1-1.  The baseline metrics describe simulated Schuylkill 
River hydrology with historical Blue Marsh emergency and Trenton flow target releases 
removed, and Limerick Generating Station augmentation policies applied to all 
simulated years.  In the absence of a major drought requiring releases from Blue Marsh 
to support the Trenton flow target, the baseline results represent current operating 
policies and current Schuylkill River hydrologic conditions. 
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Table 5.1-1 Baseline Simulation Results 
Metric Unit Return Period, Yrs 
Baseline 
Result 
Annual,  
Streamflow < 485 CFS Days per WY 
50 150 
10 54 
Annual,  
Streamflow < 385 CFS Days per WY 
50 91 
10 23 
Summer,  
Streamflow <485 CFS Days per WY 
50 76 
10 49 
Summer,  
Streamflow < 385 CFS Days per WY 
50 62 
10 22.8 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 
10 26 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 
10 0 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 
10 8 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 
10 0 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 
10 9.4 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 
10 26.0 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 
10 12.0 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 
10 26.8 
Maximum,  
Reservoir Vulnerability 
Dimensionless Index  
per event per WY 
50 0 
10 0 
Total,  
Reservoir Vulnerability 
Dimensionless Index  
per WY 
50 0 
10 0 
Maximum,  
Reservoir Severity 
Dimensionless Index  
per event per WY 
50 0 
10 0 
Total,  
Reservoir Severity 
Dimensionless Index  
per WY 
50 0 
10 0 
Abbreviations:  Recreation (Rec.), Million Gallons (MG), Water Year (WY) 
 
 
 
The streamflow reliability metrics, as measured in days per water year, indicate that on 
average once every fifty years the Schuylkill River experiences 150 days out of one year 
where streamflow is less than 485 CFS at Norristown, 91 days of which are expected to 
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be less than 385 CFS at Norristown.  Once every ten years, streamflow falls below 485 
CFS at Norristown 54 days out of one year, and of those days 23 are expected to be less 
than 385 CFS at Norristown.  In contrast to the numerous days of streamflow shortage 
below 485 CFS and 385 CFS, the Blue Marsh reservoir pool elevation never falls below 
the bottom of the recreation pool, meaning that recreation is never lost even in the worst 
drought of record in the 1960s.  On average, once every 50 years it may be expected 
there are 62 days out of one year where Blue Marsh reservoir does not have a full 
recreation pool, but the elevation remains above 283 Ft, indicating the recreational 
boating function is preserved. 
The baseline vulnerability of the Schuylkill River, per maximum event per water year, is 
36.5 on average once every 50 years, and 9.4 on average once every ten years.  This scale 
means that on average, once every fifty years, the Schuylkill River streamflow at 
Norristown is depressed below 485 CFS for one continuous event, and that event is 
comprised of conditions that are 36.5 times the tolerable safety factor depletion to the 
Philadelphia Water Department (PWD).  The tolerable safety factor depletion of PWD is 
two or more consecutive days below 485 CFS at Norristown, where the deficit below 485 
CFS totals to 200 CFS-Days.  If the vulnerability index were to measure a 2 for example, 
that would mean the consecutive streamflow decline below 485 CFS and increase back 
to 485 CFS at Norristown is one event, and the largest such event per year includes 
conditions that total twice the tolerable safety factor depletion to PWD, or 400 CFS-Days.  
The baseline 50-year vulnerability of 36.5 implies an instream deficit during such an 
event of 7,300 CFS-Days or 4.7 billion gallons.   
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The 50 year baseline reservoir and instream metrics are likely understated, because as 
discussed in Section 1.6.2, Blue Marsh is used to support a streamflow objective at 
Trenton to support salinity repulsion in the Delaware Estuary.  There are multiple 
reservoirs located outside of the Schuylkill River watershed in addition to Blue Marsh 
that contribute to support the Trenton streamflow objective.  If Blue Marsh were to be 
used to support the Trenton objective, the 50 year return reservoir and instream baseline 
metrics do not include such releases.  The implications of this and further research 
required to integrate the two policies is addressed in the discussion, Section 6.2. 
The cumulative distribution function of baseline vulnerability is presented below in 
Figure 5.1-4.   
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Figure 5.1-4 Baseline Vulnerability Cumulative Distribution Function, Return Period 
Probabilities 
 
 
 
The 50 year return period and the 10 year return period are calculated from the 
cumulative distribution of maximum vulnerability per event per water year for 
probabilities of exceedence of 0.02 and 0.1 respectively. 
The severity metric is used to distinguish between policies that may have similar 
vulnerability results, by identifying which vulnerability result includes a sub-event of 
extreme low streamflow below 385 CFS at Norristown.  Severity is calculated by totaling 
the diversion of the first two consecutive days that are at least 100 CFS below the 
desirable instream yield of 485 CFS at Norristown and dividing by 200 CFS-Days.  The 
severity is then recalculated for the next two days, where the first day of the second 
calculation is the second day from the first calculation, and the severity for the second 
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and third days is added to the severity for the first and second days to calculate the total 
event severity.  For example, whereas a severity of 1 indicates two consecutive days that 
are both 100 CFS less than the desirable instream yield, three consecutive days 100 CFS 
less than 485 CFS at Norristown would yield a severity of 2.  Severity is a sub-event 
within a vulnerability event, and events may have vulnerability without severity, but 
not severity without vulnerability.   
In the baseline example, the 50 year severity is 54.2 and the 10 year severity is 12.  The 
presence of a severity measurement indicates the vulnerability includes extreme low 
streamflow over a consecutive period of time.  The 50 year baseline severity implies that 
an extended period of streamflow less than 385 CFS is contained within an event already 
described as having high vulnerability with 36.5 times the tolerable safety factor 
depletion to PWD.  The cumulative distribution function of baseline severity is 
presented below in Table 5.1-2. 
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Table 5.1-2 Baseline Severity Cumulative Distribution Function 
 
 
 
Although zero in Table 5.1-1, the reservoir vulnerability and severity metrics are 
conceptually similar to the instream metrics, in that severity represents a sub-event of 
critical water depletion.  The baseline vulnerability and severity metrics are all zero 
because the reservoir is not used in this simulation to provide releases for Norristown.  
The partial depletion of the recreation pool is driven by reduced reservoir inflow during 
drought periods, and does not trigger accounting of the vulnerability and severity 
metrics which are based on depletion of the water quality and emergency pools. 
5.2. Simulation Results 
The results of all 27 proposed model runs as described in Section 3.4 are presented in 
Table 5.2-3 through Table 5.2-6.  The results tables are organized according to policy 
configuration: baseline, no hedging, dual zone use hedging, and single zone use 
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hedging.  The full suite of metrics described in Section 2 and presented above in Table 
5.1-1 are presented in Appendix D.  This section focuses specifically on presentation of 
the instream and reservoir vulnerability and severity metrics and how they compare 
within each policy configuration and to the baseline. 
As described in Section 2, the vulnerability and severity metrics represent functions of 
the reservoir and functions of water at the instream location.  Instream and reservoir 
functions are depleted in an order that must be followed, which is why the metrics will 
be evaluated in order from severity to vulnerability.  For example, as Blue Marsh 
reservoir elevation falls from 283 Ft to below 271 Ft, a release elevation based on water 
quality can no longer be selected because the elevation fell below the bottom of the 
water quality tower at 271 Ft.  The vulnerability metric tracks the loss of the water 
quality pool.  After the ability to select an elevation for water quality releases is lost, the 
critical emergency pool is then lost as the reservoir is emptied from 271-261 Ft.  The 
severity metric tracks the loss of the emergency pool.  A policy where the emergency 
pool is reduced or emptied has already emptied the water quality pool.  This means that 
if the reservoir experiences severity, it has experienced vulnerability, but not vice versa.  
Given the metrics are designed to track the loss of instream and reservoir functions, and 
the functions have a specific order, runs will be examined for lowest severity first, then 
lowest vulnerability. 
The runs performed for each policy configuration are analyzed here by pairing 
performance metrics and time intervals.  The runs are first checked to see if any policies 
introduce instream or reservoir severity.  The runs are then checked to see if any policies 
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are able to lower severity, either instream or reservoir.  Finally, the runs are compared 
according to vulnerability, to observe which runs have the lowest reservoir and instream 
vulnerability within the policy configuration, then across policy configurations.  It is 
possible to have similar vulnerability scores, but different severity scores.  Lower 
severity is preferred in both the instream and reservoir metrics. 
Table 5.2-1 and Table 5.2-2 are reproduced from Section 3 for reference to describe the 
high, medium, low variations in flow target and conservation release in each run. 
 
 
 
Table 5.2-1 Flow Target Variations 
Target Components High Flow Target, CFS Low Flow Target, CFS 
Maximum Potable Demand 285 285 
Fish Passage Operation 100 100 
100 CFS Safety Factor 100 - 
Total 485 385 
 
 
 
Table 5.2-2 Conservation Release Variations 
Reservoir Elevation Conservation Release, CFS Low Medium High 
Elevation > 283 Ft 50 100 200 
Elevation < 283 Ft 30 60 120 
 
 
 
Presented in Table 5.2-3 are the results of the two variations on the baseline policy 
configuration which apply the medium and high conservation release variations, and 
the high conservation release dramatically increases reservoir severity.  The baseline 
configuration with the high conservation release results indicate that at 50 year and 10 
year return periods, Blue Marsh would spend considerable time at or approaching dead 
171 
 
 
storage.  The medium and high conservation release baseline variations both reduced 
the instream severity metrics compared to the baseline run.  The high conservation 
release provided the greatest reduction in instream vulnerability and severity compared 
to the medium conservation release and the baseline, but has the highest reservoir 
vulnerability and severity. 
 
 
 
Table 5.2-3 Baseline Configuration Results 
Baseline 
Variations 
Maximum, 
Instream 
Vulnerability 
Maximum, 
Instream 
Severity 
Maximum, 
Reservoir 
Vulnerability 
Maximum, 
Reservoir 
Severity 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
Baseline 36.5 9.4 54.2 12.0 0 0 0 0 
 
No Flow 
Target Baseline Configuration 
Med. Cons. 
Release** 27.6 6.0 48.5 6.8 7.4 0.1 0 0 
High Cons. 
Release 20.3 5.3 27.6 4.2 299.3 215.7 242.9 157.4 
**Identified as having a more desirable performance compared to runs within the policy 
configuration 
 
 
 
The baseline configuration with the medium conservation release does not introduce 
any reservoir severity when compared to the baseline results.  Compared to the baseline, 
the high conservation release reservoir severity results increase from 0 to 242.9 and 157.4 
for the 50 and 10 year return periods respectively.  Both the medium and high 
conservation release results decrease instream severity, but the high conservation release 
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decreases 50 year severity by 49% compared to an 11% decrease by the medium 
conservation release.  Of the two baseline policy modifications explored, the 
performance of the medium conservation release is more desirable than the high 
conservation release because it lowers instream severity and does not create any 
reservoir severity for either the 50 or 10 year return periods. 
Presented below in Table 5.2-4 are the results from the no hedging policy configuration.  
In the no hedging configuration, all Blue Marsh storage except for dead storage is 
available for releases to support the flow target.  Three flow targets and three 
conservation releases are explored with the no hedging configuration. 
Similar to results of the baseline with high conservation release run, the results of the 
high conservation release runs in Table 5.2-4 for all three flow target options have 
extremely high reservoir severity.  The high conservation release results indicate that 
regardless of flow target and with all Blue Marsh storage available for releases to meet 
the flow target, the reservoir is being depleted at both the 50 year and 10 year return 
periods to maintain the high conservation release.  Even with the high conservation 
release, and regardless of flow target, those three runs do not show the greatest 
reduction in instream vulnerability and severity compared to other runs in the policy 
series.  This indicates the high conservation release policy is causing reservoir depletion 
evidenced through the metrics.  The daily conservation releases are drawing down the 
reservoir, leaving storage unavailable to support flow target releases to meet the 
periodic drought declines in streamflow below the desirable instream yield of 485 CFS at 
Norristown. 
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The results of the three high flow target runs also indicate reservoir depletion is 
occurring where the reservoir is emptied making both conservation releases and high 
flow target releases during a drought event, and the releases cannot be sustained 
through the duration of the drought event.  In all high flow target and high conservation 
release variations within the no hedging policy configuration, the reservoir severity 
metrics are high due to the reservoir being depleted, and the instream severity metrics 
are high due to the lack of water to support the desirable instream yield of 485 CFS at 
Norristown from beginning to end of a drought event. 
In the high flow target runs at all three conservation releases, instream severity is 
approximate to the baseline instream severity, and all three runs introduce short term 
and long term reservoir vulnerability and severity.  The high flow target and high 
conservation release runs presented below in Table 5.2-4 do not produce desirable 
results according to either the reservoir or instream severity metrics. 
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Table 5.2-4 No Hedging Configuration Results 
No Hedging 
Maximum, 
Instream 
Vulnerability 
Maximum, 
Instream 
Severity 
Maximum, 
Reservoir 
Vulnerability 
Maximum, 
Reservoir 
Severity 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
Baseline 36.5 9.4 54.2 12.0 0 0 0 0 
 
High Flow 
Target No Hedging Configuration 
Low Cons. 
Release 26.5 0.0 50.0 0.0 238.2 60.1 213.6 26.9 
Medium Cons. 
Release 26.8 0.0 51.3 0.0 267.2 89.2 242.1 41.1 
High Cons. 
Release 29.6 6.7 56.7 10.6 338.9 259.1 310.4 222.9 
 
Low Flow 
Target No Hedging Configuration 
Low Cons. 
Release** 16.2 5.2 0.0 0.0 51.5 0.0 2.2 0.0 
Medium Cons. 
Release 13.8 3.9 0.0 0.0 107.0 4.0 19.9 0.0 
High Cons. 
Release 27.7 3.7 49.1 0.0 311.0 233.2 261.0 181.2 
 
Movable Flow 
Target No Hedging Configuration 
Low Cons. 
Release 15.7 4.1 6.7 0.0 145.2 7.2 72.8 0.0 
Medium Cons. 
Release 16.5 4.0 9.8 0.0 195.7 13.8 151.1 0.0 
High Cons. 
Release 27.7 3.7 49.1 0.0 311.0 233.2 261.0 181.2 
**Identified as having a more desirable performance compared to runs within the policy 
configuration 
 
 
 
The low and movable flow target runs in Table 5.2-4 with the low or medium 
conservation release, produce instream metrics far more favorable than the baseline and 
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high flow target or high conservation release results.  Of the movable flow target run 
results, the low conservation release run produced lower instream and reservoir 
vulnerability and severity metrics than the medium conservation release run.  Of the 
movable flow target results, the reservoir severity metric is halved by moving from the 
medium to low conservation release. 
Even greater improvement in the metrics is obtained when applying the low flow target 
and moving from the medium to low conservation release.  In the results of the low flow 
target with the low conservation release the reservoir severity metric is slightly 
increased from the baseline, however the instream severity is reduced to zero.  
Additionally, using the low flow target and low conservation release the instream 
vulnerability is reduced by over half compared to the baseline. 
Of all nine runs explored with the no hedging policy configuration, the low flow target 
with low conservation release produces the lowest pairs of instream and reservoir 
severity metrics. 
Presented below in Table 5.2-5 are the results of the dual zone hedging policy 
configuration, which allows for flow target releases from the recreation and the water 
quality pool.  In the dual zone hedging policy configuration, the 1.4 BG emergency pool 
is not available to support flow target releases as opposed to the results in Table 5.2-4 
above where the 1.4 BG is available. 
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Table 5.2-5 Dual Zone Use Hedging Configuration Results 
Dual Zone 
Use Hedging 
Maximum, 
Instream 
Vulnerability 
Maximum, 
Instream 
Severity 
Maximum, 
Reservoir 
Vulnerability 
Maximum, 
Reservoir 
Severity 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
Baseline 36.5 9.4 54.2 12.0 0 0 0 0 
 
High Flow 
Target Dual Zone Use Hedging Configuration 
Low Cons. 
Release 28.7 1.3 54.1 0.0 156.0 48.3 3.1 0.0 
Medium Cons. 
Release 28.6 0.0 54.4 0.0 183.7 66.7 89.9 3.5 
High Cons. 
Release 29.6 3.9 56.7 3.4 331.3 250.3 302.2 208.9 
 
Low Flow 
Target Dual Zone Use Hedging Configuration 
Low Cons. 
Release ** 16.7 5.2 1.9 0.0 50.1 0.0 0.0 0.0 
Medium Cons. 
Release 16.6 3.9 10.6 0.0 99.7 4.0 7.1 0.0 
High Cons. 
Release 26.0 4.0 40.5 0.0 309.0 231.3 259.0 179.7 
 
Movable Flow 
Target Dual Zone Use Hedging Configuration 
Low Cons. 
Release 23.2 5.0 37.0 0.0 112.1 7.2 0.0 0.0 
Medium Cons. 
Release 23.5 4.5 39.0 0.0 150.8 13.8 52.8 0.0 
High Cons. 
Release 26.0 4.0 40.5 0.0 309.0 231.3 259.0 179.7 
**Identified as having a more desirable performance compared to runs within the policy 
configuration 
 
 
 
Results containing a reservoir severity metric greater than zero, presented above in 
Table 5.2-5 for the dual zone hedging configuration, are caused by conservation releases 
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depleting the emergency pool because no flow target releases are made from that 
reservoir pool.  The high conservation release results, similar to those in the no hedging 
configuration, produce undesirable results due to high reservoir severity.  Additionally, 
the medium conservation release results and the high flow target results all produce 
undesirable results due to high reservoir severity. 
The high conservation release results are similar for the movable flow target and low 
flow target results because the high conservation release empties the reservoir recreation 
pool prior to drought events that require a flow target release.  When the recreation pool 
is emptied, and reservoir elevation declines into the water quality selection pool, the 
movable flow target is 385 CFS which is equal to the low flow target.  When the 
recreation pool is emptied due to the high conservation release, the two runs are 
operating according to the same policy. 
The low flow target and low conservation release results produce the lowest instream 
severity, and zero reservoir severity.  The movable flow target with low conservation 
release run also produced zero reservoir severity, but produced extremely high instream 
severity.  This indicates the low conservation release was not large enough to create 
reservoir severity, but the movable flow target released too much reservoir storage 
ahead of a drought event, which led to high instream severity.  The improvement in 
instream severity is drastic, moving from a 50 year instream severity of 37 in the 
movable flow target low conservation release run to an instream severity of 1.9 in the 
low flow target low conservation release run.  The low flow target low conservation 
release run has the most desirable results of the dual zone hedging policy configuration. 
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Presented below in Table 5.2-6 are the results of single zone hedging policy 
configuration.  In this policy only the recreation pool is available for flow target releases, 
providing the smallest amount of water available to provide flow target releases of the 
three flow target policy configurations explored. 
Similar to results in the baseline, no hedging, and dual zone hedging configurations, 
high reservoir severity is created by depletion of reservoir storage to sustain the high 
conservation release.  In the single zone hedging results, the low and high flow target 
with high conservation release results are identical because the high conservation release 
depletes the recreation pool prior to the need for flow target releases to be made.  
Regardless of the flow target, the high conservation release has drained the available 
reservoir storage assigned to support the flow target in this policy configuration. 
The high flow target and low flow target with low conservation release results are 
similar except for the 10 year return period instream severity which is reduced from 9.2 
to zero in the low flow target low conservation release run.  This is because in the less 
severe drought events, releases to support the high flow target deplete the recreation 
pool and the smaller size releases required to support the low flow target do not.  The 10 
year return period drought events have a shorter duration by definition, and therefore 
require less water than the 50 year return period events.  There is minimal difference in 
instream severity at the 50 year return period between those two runs because the 
drought event at the longer return period requires storage greater than the amount 
available in just the recreation pool to support flow target releases to reduce instream 
severity. 
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Table 5.2-6 Single Zone Hedging Configuration Results 
Single Zone 
Use Hedging 
Maximum, 
Instream 
Vulnerability 
Maximum, 
Instream 
Severity 
Maximum, 
Reservoir 
Vulnerability 
Maximum, 
Reservoir 
Severity 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
Baseline 36.5 9.4 54.2 12.0 0.0 0.0 0.0 0.0 
 
High Flow 
Target Single Zone Use Hedging Configuration 
Low Cons. 
Release 29.1 6.3 55.4 9.2 0.0 0.0 0.0 0.0 
Medium Cons. 
Release 29.0 6.2 55.3 9.5 21.9 0.5 0.0 0.0 
High Cons. 
Release 20.3 5.3 27.6 4.2 299.3 215.7 242.9 157.4 
 
Low Flow 
Target Single Zone Use Hedging Configuration 
Low Cons. 
Release** 28.4 6.0 53.0 0.0 0.0 0.0 0.0 0.0 
Medium Cons. 
Release 28.8 7.3 53.7 4.2 12.7 0.3 0.0 0.0 
High Cons. 
Release 20.3 5.3 27.6 3.7 299.3 215.7 242.9 157.4 
**Identified as having a more desirable performance compared to runs within the policy 
configuration 
In all single zone hedging policy configuration results, excluding the high conservation 
release results, the instream 50 year vulnerability and severity metrics in the four 
remaining runs are approximately the same.  This indicates that when only the 
recreation pool is available to support flow target releases, the distinguishing metric 
among policies is the 10 year return period instream severity metric.  According to the 
instream severity metric, the most desirable policy among the hedging 1 zone 
configuration runs is the low flow target low conservation release. 
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5.3. Optimal Set of Policies 
A summary of the policy combinations that out-performed alternative combinations 
within the same overall policy configuration are compiled below in Table 5.3-1.  In every 
policy configuration with a flow target, the low flow target low conservation release run 
produced the lowest instream and reservoir severity among alternatives. 
Of the four policies presented below in Table 5.3-1, the baseline and single zone hedging 
policy configurations have high instream severity at the 50 year return period, which 
present minimal improvement from the baseline.  The results of the no hedging and 
dual zone hedging policy configurations are extremely similar where one presents 
minimal reservoir severity and one presents minimal instream severity.  The instream 
vulnerability metrics for the no hedging and dual zone hedging policy configurations 
are nearly identical at the 50 year return period and identical for the 10 year return 
period.  
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Table 5.3-1 Best Performing Run per Policy Configuration 
Best 
Performing 
Run per 
Policy 
Configuration 
Maximum, 
Instream 
Vulnerability 
Maximum, 
Instream 
Severity 
Maximum, 
Reservoir 
Vulnerability 
Maximum, 
Reservoir 
Severity 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
Baseline 36.5 9.4 54.2 12.0 0.0 0.0 0.0 0.0 
  
No Flow 
Target Baseline Configuration 
Med. Cons. 
Release 27.6 6.0 48.5 6.8 7.4 0.1 0.0 0.0 
  
Low Flow 
Target** No Hedging Configuration 
Low Cons. 
Release 16.2 5.2 0.0 0.0 51.5 0.0 2.2 0.0 
 
Low Flow 
Target** Dual Zone Use Hedging Configuration 
Low Cons. 
Release 16.7 5.2 1.9 0.0 50.1 0.0 0.0 0.0 
 
Low Flow 
Target Single Zone Use Hedging Configuration 
Low Cons. 
Release 28.4 6.0 53.0 0.0 0.0 0.0 0.0 0.0 
**Policy considered within the optimal set of policies, given all 27 policy combinations simulated 
 
 
 
The low flow target low conservation release policy combination at either the no 
hedging configuration or dual zone hedging configuration represent the preferred set of 
policies given all 27 runs explored.  There is zero ten year reservoir vulnerability for 
both policies, which implies that only in severe drought will the recreation function of 
the reservoir be reduced.  Preference for one of the two policies would have to be based 
on a decision to prevent very small instream severity or prevent very small reservoir 
severity. 
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Given that the function of the reservoir operation indicated by the severity metric is loss 
of the emergency pool, there is a very small amount of instream severity to be accepted 
in order to preserve the reservoir emergency pool in the dual zone hedging low flow 
target low conservation release run.  The history of accidents and spills that have led to 
water quality emergencies in the Schuylkill River requiring reservoir releases make 
preservation of the emergency pool critical to drinking water supply protection.  
Therefore, among policies in the optimal set, first preference is for the dual zone hedging 
low flow target low conservation release policy, and second preference is for the no 
hedging low flow target low conservation release policy. 
5.4. Graphical Presentation of Results 
The vulnerability and severity metrics are used in Sections 5.2 and 5.3 to identify the 
optimal set of policies that minimize either instream severity or reservoir severity, while 
minimizing instream and reservoir vulnerability.  The comparative results of all runs 
within a given policy configuration, flow target level, or conservation release level 
provide valuable information as to the tradeoffs among reservoir and instream metrics.  
The following presentation of results in a graphical format pairs 50 year return period 
reservoir and instream severity in Figure 5.4-1 and 50 year return period reservoir and 
instream vulnerability in Figure 5.4-2.
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Figure 5.4-1 50 Year Return Period Maximum Event Severity 
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Figure 5.4-2 50 Year Return Period Maximum Event Vulnerability  
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Above in Figure 5.4-1 are the 50 year return period severity results, with reservoir 
severity on the y-axis and instream severity on the x-axis.  The frontier of non-
dominated policies according to 50 year severity is defined by the red-line.  The non-
dominated policies are identified as having the lowest combination of paired metrics, 
where one policy may only out-perform another by creating poorer performance in one 
of the metrics.  In Figure 5.4-1, the non-dominated policies include the no hedging low 
flow target low conservation release and dual zone hedging low flow target low 
conservation release runs.  The no hedging low flow target low conservation release run 
has a lower instream severity than the dual zone hedging low flow target low 
conservation release policy.  However, the dual zone hedging low flow target low 
conservation release policy has lower reservoir severity than the no hedging low flow 
target low conservation release policy.  In addition to identifying non-dominated 
policies according to 50 year return period severity, Figure 5.4-1 can be used to identify 
the tradeoffs between reservoir and instream severity moving from one policy to 
another. 
In Figure 5.4-2, there are five policies identified as non-dominated according to 50 year 
return period reservoir and instream vulnerability, as opposed to two non-dominated 
policies identified according to reservoir and instream severity (Figure 5.4-1).  In 
addition to the two non-dominated policies in Figure 5.4-1, additional non-dominated 
policies identified by vulnerability include no hedging low flow target medium 
conservation release, baseline medium conservation release, and hedging low flow 
target low conservation release. 
186 
 
 
As discussed at the beginning of Section 5.2 the selection of optimal policies begins with 
a comparison of severity metrics then vulnerability metrics.  As shown through the 
graphs of severity and vulnerability, using one metric versus another to identify optimal 
policies, or the frontier of non-dominated policies, may produce a different set of 
policies.  For this reason both sets of severity and vulnerability metrics are critical to not 
only identifying preferred policies, but to understanding the interactions between 
reservoir operations and downstream streamflow. 
5.5. Sensitivity Testing 
Sensitivity testing is performed on the baseline and top two runs contained in the 
optimal set of policies; the second preference policy is no hedging low flow target low 
conservation release, and the first preference policy is dual zone hedging low flow target 
low conservation release.  The sensitivity testing aims to estimate the uncertainty 
introduced into the model through measurement error, because the model is driven by a 
historical observed dataset.  The main objective of estimating the uncertainty is to 
identify if uncertainty will change the order of preference of the top two preferred 
policies, and if simulation results are more sensitive to uncertainty in reservoir inflow or 
streamflow measurements. 
As described in Section 3.5 four sensitivity runs will be performed on the top two 
policies and the baseline.  Table 5.5-1 below is reproduced from Section 3.5 to describe 
the sensitivity runs. 
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Table 5.5-1 Sensitivity Runs 
Sensitivity 
Runs Adjusted Parameter(s) 
Parameter 
Adjustment 
Model Policy 
Configurations 
Total 
Runs 
Blue Marsh 
Supply Inflow to 454, 455 +/- 20% 
Baseline 2 
Top Two 
Policies 4 
Schuylkill 
Hydrology 
Inflow to 457, 459, 460, 461, 463, 
465, 466, 467, 468, 471, 473, 474, 
475, 477, 479, 480, 482, 483, 484, 485 
+/- 20% 
Baseline 2 
Top Two 
Policies 4 
 
 
 
The results of the baseline sensitivity runs are presented below in Table 5.5-2, as well as 
the percent difference in the sensitivity result from the original run result.  Baseline 
reservoir severity did not change in any of the results where reservoir inflow or node 
inflow was adjusted.  This is because the baseline configuration does not make reservoir 
releases other than the low conservation release, and the declines in reservoir inflow did 
not impact the ability of the reservoir to make the conservation release. 
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Table 5.5-2 Baseline Sensitivity Results 
Baseline 
Sensitivity 
Results 
Maximum, 
Instream 
Vulnerability 
Maximum, 
Instream 
Severity 
Maximum, 
Reservoir 
Vulnerability 
Maximum, 
Reservoir 
Severity 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
 
Original 
Results 
Result, (Change From Original Result) 
36.5 9.4 54.2 12.0 0.0 0.0 0.0 0.0 
Blue Marsh 
Inflow Down 
20% 
38.7, 
(+2.3) 
12.0, 
(+2.5) 
56.1, 
(+1.9) 
12.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
Blue Marsh 
Inflow 
Up 20% 
31.1, 
(-5.4) 
7.8, 
(-1.6) 
46.2, 
(-8.0) 
11.0, 
(-1.0) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
All Other 
Node Inflow 
Down 20% 
37.0, 
(+0.5) 
15.2, 
(+5.8) 
57.8, 
(+3.6) 
15.7, 
(+3.7) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
All Other 
Node Inflow 
Up 20% 
34.6, 
(-1.8) 
6.9, 
(-2.6) 
48.4, 
(-5.8) 
11.3, 
(-0.7) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
 
 
 
Baseline instream severities at both the 50 year and 10 year return periods are more 
sensitive to a decrease in node inflow than a decrease in reservoir inflow.  The baseline 
10 year return period is more sensitive to a decrease in node inflow, with an increase in 
instream severity from 12 to 15.7, than a decrease in reservoir inflow which did not 
change instream severity. 
Table 5.5-3 presents the sensitivity results of the second best policy, the no hedging 
policy configuration with a low flow target and low conservation release.  The results 
are extremely sensitive to a 20% decrease in inflow, the 50 year return period severity 
was increased by from 2.2 to 43.0.  The decrease in reservoir inflow added two 
additional events where reservoir severity occurred as compared to the original run of 
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this policy configuration.  The 50 year return period is less sensitive to a decline in node 
inflow, with an increase in reservoir severity from 2.2 to 5.1, where the single severity 
event from the original run is exacerbated by the decline in node inflow.  Even with 
increases in 50 year return period reservoir severity due to decreases in reservoir and 
node inflow, instream severity did not change and remained 0 in both sensitivity runs.  
This is because the policy is meeting the 385 CFS streamflow objective 100% of the time 
using all water in the reservoir to do so, resulting in a tradeoff of high reservoir severity 
particularly when reservoir inflow is reduced.  The 50 year instream vulnerability is not 
sensitive to declines in reservoir inflow and node inflow in this policy configuration, 
with slight increases from 16.2 to 16.5 and 16.8 respectively. 
When reservoir inflow is increased, reservoir severity declined from 2.2 to 0, reservoir 
vulnerability declined by 28.7, yet instream vulnerability only declined from 16.2 to 16.1.  
This is because vulnerability is based on streamflow falling below the desirable instream 
yield of 485 CFS, and in this particular policy the reservoir is making releases to support 
385 CFS.  Any improvement in vulnerability given an increase in reservoir inflow would 
be unintentional, such as a larger release from Blue Marsh to maintain the seasonal pool 
that coincides with streamflow falling below 485 CFS at Norristown the following day. 
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Table 5.5-3 No Hedging Low Flow Target Low Conservation Release Sensitivity Results 
No Hedging 
Low Flow 
Target Low 
Conservation 
Release 
Sensitivity 
Results 
Maximum, 
Instream 
Vulnerability 
Maximum, 
Instream 
Severity 
Maximum, 
Reservoir 
Vulnerability 
Maximum, 
Reservoir 
Severity 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
 
Original 
Result 
Result, (Change From Original Result) 
16.2 5.2 0.0 0.0 51.5 0.0 2.2 0.0 
Blue Marsh 
Inflow Down 
20% 
16.5, 
(+0.3) 
5.3, 
(+0.1) 
0.0, 
(0) 
0.0, 
(0) 
119.0, 
(+67.5) 
0.0, 
(0) 
43.0, 
(+40.7) 
0.0, 
(0) 
Blue Marsh 
Inflow 
Up 20% 
16.1, 
(-0.1) 
4.8, 
(-0.4) 
0.0, 
(0) 
0.0, 
(0) 
22.8, 
(-28.7) 
0.0, 
(0) 
0.0, 
(-2.2) 
0.0, 
(0) 
All Other 
Node Inflow 
Down 20% 
16.8, 
(+0.5) 
8, 
(+2.4) 
0.0, 
(0) 
0.0, 
(0) 
60.5, 
(+9.1) 
0.2, 
(+0.2) 
5.1, 
(+2.8) 
0.0, 
(0) 
All Other 
Node Inflow 
Up 20% 
12.6, 
(-3.6) 
4.5, 
(-0.8) 
0.0, 
(0) 
0.0, 
(0) 
44.4, 
(-7.1) 
0.0, 
(0) 
1.1, 
(-1.1) 
0.0, 
(0) 
 
 
 
Table 5.5-4 below presents the sensitivity results from the best policy, the dual zone 
hedging policy configuration with a low flow target and low conservation release.  The 
decrease in reservoir inflow increased reservoir severity from 0 to 1.1 and increased 
instream severity from 1.9 to 16.6.  Instream severity was greatly increased because in 
this sensitivity run, the lower reservoir inflow extended the amount of time that 
reservoir storage was exactly 1,400 million gallons.  When storage falls to exactly 1,400 
million gallons, the metric does not count severity because the emergency pool has not 
been reduced and is full.  However the flow target releases in the dual zone hedging 
policy configuration cease when storage is reduced to 1,400 million gallons in order to 
preserve the emergency pool, and without the releases the instream severity increases 
while reservoir severity does not. 
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Table 5.5-4 Dual Zone Use Hedging Low Flow Target Low Conservation Release Results 
Dual Zone 
Use Hedging 
Low 
Conservation 
Release 
Sensitivity 
Results 
Maximum, 
Instream 
Vulnerability 
Maximum, 
Instream 
Severity 
Maximum, 
Reservoir 
Vulnerability 
Maximum, 
Reservoir 
Severity 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
 
Original 
Results 
Result, (Change From Original Result) 
16.7 5.2 1.9 0.0 50.1 0.0 0.0 0.0 
Blue Marsh 
Inflow Down 
20% 
20.6, 
(+4.0) 
5.3, 
(+0.1) 
16.6, 
(+14.7) 
0.0, 
(0) 
111.3, 
(+61.2) 
0.0, 
(0) 
1.1, 
(+1.1) 
0.0, 
(0) 
Blue Marsh 
Inflow 
Up 20% 
16.1, 
(-0.5) 
4.8, 
(-0.4) 
0, 
(-1.9) 
0.0, 
(0) 
22.8, 
(-27.3) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
All Other 
Node Inflow 
Down 20% 
17.5, 
(+0.8) 
7.6, 
(+2.4) 
3.9, 
(+2.0) 
0.0, 
(0) 
58.0, 
(+7.9) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
All Other 
Node Inflow 
Up 20% 
12.9, 
(-3.8) 
4.4, 
(-0.8) 
0.6, 
(-1.3) 
0.0, 
(0) 
43.6, 
(-6.5) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
 
 
 
When Blue Marsh inflow is increased, the sensitivity results in both top policies present 
the same results.  This is because the policy is calling for a flow target of 385 CFS, and 
when that is provided for 100% of the time, further increases in Blue Marsh inflow will 
not reduce vulnerability under a low flow target policy.  Reservoir vulnerability is also 
the same between the increased reservoir inflow sensitivity runs between the top two 
policies, because the only difference in the policies occurs after the water quality pool is 
depleted which is represented by the severity metric not the vulnerability metric.  
Intuitively, increased node inflow leads to a greater reduction in instream vulnerability 
than the increase in Blue Marsh inflow. 
To conclude and summarize the results of the sensitivity runs: 
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 Instream and reservoir severity are more sensitive to changes in reservoir inflow. 
 Increases in reservoir inflow, when used to meet the low flow target 100% of the 
time, can only reduce instream vulnerability to approximately 16.1 
 The selection of the dual zone hedging configuration with a low flow target and 
low conservation release remains the preferred policy to the no hedging policy 
because the results of the reduction in reservoir inflow sensitivity runs still 
preserve original decision tradeoff as a choice between PWD accepting increased 
instream severity to maintain the emergency pool. 
Discussion of these conclusions is presented in Section 6.3. 
5.6. Drought Restriction Numerical Experiment Results 
Two scenarios simulating drought demand restrictions, as described in Section 4.6, are 
applied to the baseline and top two performing policies.  Scenario 1 simulates a 
reduction in consumptive use such as lawn watering, and Scenario 2 simulates a 
reduction in non-consumptive use such as shorter showers.  The detailed percent 
reductions are presented below in Table 5.6-1 and the streamflow reductions are 
presented below in Table 5.6-2. 
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Table 5.6-1 Water Use Restriction Scenarios 
Scenario Simulated Use Reduction 
Percent Reduction 
Residential Water Wastewater 
1 Consumptive Use 15% 5% 
2 Non-Consumptive Use 15% 15% 
 
 
 
Table 5.6-2 County Drought Consumptive Use Difference 
County Drought Indicator Node 
Drought 
Trigger 
Streamflow* 
Estimated 
Existing 
Consumptive 
Use, CFS 
Consumptive Use 
Difference, CFS 
Scenario 
1*** 
Scenario 
2*** 
Berks 454 Berneville 31 CFS -16.7 -4.3 0.4 
Schuylkill 460 Landingville 61 CFS -3.4 -1.8 0.1 
Montgomery 475 Graterford 90 CFS -36.7 -11.3 -2.3 
Philadelphia 482 Norristown 587 CFS -265.3 -23.0 -20.4 
Total Non-Tidal Schuylkill -322.2 -40.3 -22.2 
Total Above 482 Norristown** -68.5 -17.5 -3.7 
*30-Day Average, 5th Percentile Streamflow 
**Excludes nodes responding to the Philadelphia County trigger and node 483 that responds to 
the Montgomery County streamflow trigger 
*** Scenario 1 targets consumptive use reduction, Scenario 2 targets non-consumptive use 
reduction 
 
 
 
The results of simulating Scenario 1 and Scenario 2 drought restrictions are presented 
below in Table 5.6-3.  Scenario 1, which reduces consumptive use the most out of the 
two drought policies, intuitively led to greater reductions in all metrics than Scenario 2.  
In the baseline policies, both drought Scenario 1 and 2 reduced instream and reservoir 
metrics.  However the baseline instream metrics in drought Scenario 1 and 2 still have 
much greater vulnerability and severity than the instream results of the top policy and 
second best policy.  The two drought restriction scenarios modeled were not able to 
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reduce instream vulnerability and severity to the extent of the top two alternative 
reservoir policies. 
 
 
 
Table 5.6-3 Drought Demand Restriction Results 
Low Flow 
Target Low 
Conservation 
Release 
Drought 
Results 
Maximum, 
Instream 
Vulnerability 
Maximum, 
Instream 
Severity 
Maximum, 
Reservoir 
Vulnerability 
Maximum, 
Reservoir 
Severity 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
Index, 
per event per WY 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
50 Yr. 
Return 
10 Yr. 
Return 
 
Result, (Change From Original Result) 
Baseline 36.5 9.4 54.2 12.0 0.0 0.0 0.0 0.0 
Drought 
Scenario 1 
33.4, 
(-3.1) 
6.8, 
(-2.6) 
46.2, 
(-8.0) 
10.6, 
(-1.5) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
Drought 
Scenario 2 
35.3, 
(-1.1) 
9.1, 
(-0.4) 
49.6, 
(-4.6) 
11.2, 
(-0.8) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
 
Top Policy 
Hedging 2 
Zones 
16.7 5.2 1.9 0.0 50.1 0.0 0.0 0.0 
Drought 
Scenario 1 
13.1, 
(-3.5) 
4.4, 
(-0.8) 
0.0, 
(-1.9) 
0.0, 
(0) 
31.1, 
(-19.0) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
Drought 
Scenario 2 
13.4, 
(-3.2) 
4.9, 
(-0.3) 
0.0, 
(-1.9) 
0.0, 
(0) 
43.7, 
(-6.4) 
0.0, 
(0) 
0.0, 
(0) 
0.0, 
(0) 
 
Second Best 
Policy 
No Hedging 
16.2 5.2 0.0 0.0 51.5 0.0 2.2 0.0 
Drought 
Scenario 1 
13.1, 
(-3.1) 
4.4, 
(-0.8) 
0.0, 
(0) 
0.0, 
(0) 
31.1, 
(-20.4) 
0.0, 
(0) 
0.0, 
(-2.2) 
0.0, 
(0) 
Drought 
Scenario 2 
13.4, 
(-2.8) 
4.9, 
(-0.3) 
0.0, 
(0) 
0.0, 
(0) 
43.7, 
(-7.8) 
0.0, 
(0) 
0.0, 
(-2.2) 
0.0, 
(0) 
 
 
 
Although not able to improve upon the baseline condition to the extent of the top two 
alternative policies, the drought restrictions were able to slightly improve upon the top 
two alternative policies to get even greater reductions in vulnerability and severity.  
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Drought Scenarios 1 and 2, produce identical results for the top policy and second best 
policy.  This is because the policies are both based on the low flow target of 385 CFS.  
Any reductions in the size of the reservoir release needed to achieve the low flow target, 
will show in the metrics as improvements in reservoir vulnerability and severity.  
Reservoir metrics in Scenario 1 and 2 improve compared to the original runs, because 
the drought restrictions increase downstream streamflow and allow for incrementally 
smaller reservoir releases to meet the low flow target.  The extra water stored in the 
reservoir may only be used to improve instream metrics if the savings are used to make 
flow target releases that previously could not be made due to lack of storage.  In this 
example the top two reservoir policies were maintaining 385 CFS approximately 100% of 
the time with existing storage.  Even though drought restrictions were able to increase 
reservoir storage because smaller releases were made, the savings in storage were not 
used for additional releases.  This interaction may not be observed in other policies with 
a higher flow target, where the improvements in reservoir storage would likely support 
releases that previously could not be made due to depletion of storage to support the 
higher target. 
The 3.1 - 3.5 improvements in 50 year instream vulnerability and 0.3 – 0.8 improvements 
in 10 year instream vulnerability are not related to increased reservoir storage due to 
flow target release size reduction.  This is because the vulnerability metric is based on 
the instream management yield of 485 CFS, and the policies are working to maintain 385 
CFS.  Any improvements in streamflow between 385 CFS and 485 CFS are due to the 
drought scenarios increasing streamflow, because no reservoir releases are called for in 
that streamflow range with the top two policies. 
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To conclude and summarize the results of the drought restriction runs: 
 Drought restrictions make slight improvements on high performing policies. 
 Drought restrictions do not make large improvements on poor performing 
policies. 
 Drought restriction driven limited improvement in reservoir vulnerability leads 
to limited improvement in instream vulnerability in the two top performing 
policies with a low flow target. 
Discussion of these conclusions is presented in Section 6.4. 
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6. Discussion 
6.1. Performance of Proposed Metrics Compared to Traditional Metrics 
As presented in Chapters 1 and 2, a variety of metrics are available to analyze the 
performance of alternative reservoir and watershed policies.  The available metrics are 
categorized as hydrological indicators, reservoir specific metrics, and water availability 
metrics.  Each category of metrics provides a different, critical piece of information about 
the influence of watershed management decisions on reservoir storage and streamflow.  
The objective of this research project is to propose and test the performance of new 
screening metrics that integrate all the positive aspects of existing metrics, while 
reducing the number metrics used in policy analysis, and enhancing their application to 
daily watershed simulation modeling. 
The proposed vulnerability and severity metrics are designed to add the following 
improvements: 
1. The metrics are conceptually similar; severity is simply descriptive of conditions that 
experience greater water deficits than vulnerability. 
2. The design of the metrics is transferable to both an instream location and a reservoir 
location. 
3. The metrics are descriptive of the function of the water at the location the metric is 
calculated, and incremental increases or decreases in the metrics are associated with an 
improvement or detriment to that specific function. 
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4.  The metrics may be used to study policy performance under both low probability 
extreme drought events and high probability moderate drought events. 
Improvements will be briefly discussed in the context of the proposed metrics and 
existing metrics. 
The metrics are conceptually similar; severity is simply descriptive of conditions that experience 
greater water deficits than vulnerability.  The design of the metrics is transferable to both an 
instream location and a reservoir location. 
The vulnerability and severity metrics are designed so that severity is an index of 
conditions below a threshold more critical than the conditions below the threshold that 
defines vulnerability.  Vulnerability and severity are both dimensionless indexes that 
represent the depletion of water beyond a predefined tolerable depletion of water below 
each threshold.  The tolerable depletion of water and the thresholds that define 
vulnerability and severity are derived from what water is used for at the location the 
metric is calculated.  At an instream or a reservoir location, thresholds of water 
depletion may be identified that represent dividing lines between different uses for 
water.  In this project the metrics were able to incorporate water supply needs, 
ecological streamflow requirements, recreational boating, reservoir release water quality 
considerations, and emergency water storage. 
The reservoir storage and hydrological indicator metrics described in Section 1.3 are 
conceptually different.  Even the reservoir storage metrics are distinct from one another 
in that a different metric is used to measure the frequency (reliability), duration 
(resilience), and magnitude (vulnerability) of reservoir storage depletion.  Hydrological 
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indicators do not align with the reservoir metrics because they do not measure the 
frequency, duration, and magnitude of streamflow depletion.  Hydrological indicators 
aim to capture weekly or monthly average conditions that occur on average once in a 
given time period.  They may measure the magnitude of average low flow, but do not 
indicate if the low flow persists outside the averaging period.  The averaging of 
conditions may also mask severe depletion within the averaging period, typically seven 
days in the commonly used 7Q10.  Even if single day minimum streamflow or minimum 
reservoir storage volume were used as complementary instream and reservoir metrics, 
neither statistic indicates the duration of time spent at or near that low value. 
The metrics are descriptive of the function of the water at the location the metric is calculated, 
and incremental increases or decreases in the metrics are associated with an improvement or 
detriment to that specific function. 
The instream vulnerability and severity metrics are designed to describe two functions 
of water at Norristown; first, vulnerability represents depletion of the safety factor that 
identifies streamflow conditions immediately prior to a water supply shortage to the 
City of Philadelphia, and second, severity represents a shortage of water supply to the 
City of Philadelphia and potential shut down of the Fairmount Dam fish ladder. 
If a policy has an instream vulnerability >0 but instream severity equals 0, the results 
indicate there is no depletion of water supply and only depletion of the safety factor 
according to the metric definitions.  Prior to even interpreting the numbers calculated, 
the simple presence or absence of vulnerability and severity are descriptive of impacts to 
instream water use functions.  In contrast, the 7Q10 and 95% exceedence streamflow are 
200 
 
 
descriptive statistics of streamflow, and regardless of policy performance there will be a 
7Q10 and 95% exceedence streamflow even if very small. 
The instream vulnerability metric measures the duration and magnitude of conditions 
larger than the tolerable depletion of the safety factor to PWD below 485 CFS, which is 
200 CFS-Days.  For example, a vulnerability of 3 indicates conditions three times larger 
than the tolerable depletion of the safety factor, which means the safety factor is 
depleted by 600 CFS-Days. 
More critical to comparative policy analysis is the severity metric, which indentifies 
specific conditions that are a subset of vulnerability.  Severity measures if streamflow 
declines to 385 CFS or below for two consecutive days, and tracks each consecutive 
sliding two-day interval of streamflow below 385 CFS.  A severity of 1 is equivalent to 
the tolerable water supply depletion to PWD of 200 CFS-Days.  For example, a severity 
of 3 means that streamflow declined below 485 CFS for a total deficit of 600 CFS-Days.  
Those 600 CFS-Days may have come from three consecutive two-day events for a total of 
4 days where streamflow was at 385 CFS.  Or, a severity of 3 could indicate three days 
where the first day streamflow is 335 CFS, the second day streamflow is 335 CFS, and 
the third day stream flow is 335 CFS.  In that example streamflow on each day is 150 CFS 
less than 485 CFS, for a sliding two-day interval total of 600 CFS-Days. 
The number of days where streamflow is below 385 CFS if the severity metric is greater 
than 2 is not immediately clear from the severity metric, due to the two-day sliding 
interval.  However the metric clearly identifies what the water supply deficit is in a 
critical period.  It is important the severity metric is a sliding two-day interval and 
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essentially double counts the deficits of all days but the first and last of the severity 
event.  This is because the metric is designed to represent water supply deficit, and if the 
water is not available on the second day of the first two-day interval, it is still not 
available on the first day of the second-two-day interval.  Even a small one day increase 
in streamflow of 50 CFS (25% of the tolerable supply depletion) in a severity event due 
to a policy change would reduce the severity metric by 0.5.  The sensitivity of the metric 
to small changes in streamflow is critical to identifying if alternative policies are 
improving streamflow in the most critical periods.  This is similar to the widely known 
concept of peak shaving in energy demand management.  Where energy produced 
during peak usage hours is the most expensive to generate, and reductions in demand 
during peak usage will create greater production cost savings than demand reduced off 
peak hours. 
As previously mentioned, neither the 7Q10 nor the 95% exceedence streamflow are 
indicative of water supply relative to critical threshold values.  They are indicators of 
low streamflow hydrological conditions, and not even the most severe conditions 
experienced (100% exceedence streamflow).  These metrics are most useful to describe 
changes in seasonally low streamflow conditions, but do not identify if the changes 
provide sufficient water relative to needs. 
To summarize the instream metrics, the severity metric may be used to approximate the 
number of consecutive days where streamflow is at or below 385 CFS.  However, the 
metric is more valuable for comparative policy analysis rather than direct interpretation, 
because it is able to specifically identify if a policy is improving streamflow during 
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periods of critical water supply depletion.  Hydrological indicators such as the 7Q10 and 
95% exceedence streamflow are not specifically defined to identify if streamflow 
improvements or declines cross thresholds of desired streamflow. 
The reservoir vulnerability and severity metrics are designed to describe two functions 
of storage at Blue Marsh; first, vulnerability represents depletion of the water quality 
pool and complete loss of the recreation pool, and second, severity represents depletion 
of the emergency pool as well as complete loss of the recreation and water quality pools. 
If a policy has reservoir vulnerability, the results indicate the reservoir lost function of 
the recreation pool and storage in the water quality pool was depleted.  If a policy has 
reservoir severity, the emergency pool has been reduced and the releases are being 
made from the undesirable bottom release gates.  Similar to the instream application, the 
presence or absence of vulnerability and severity are descriptive of impacts to the 
functions of the reservoir.  The water quality pool is critical to providing conservation 
releases or other releases through gates located in the middle of the reservoir water 
column that avoids the high metal concentrations typical of bottom releases.  Severity is 
indicative of both a storage function and the general quality of water released from 
storage. 
The descriptive reservoir statistic of days below a drought curve at Blue Marsh would 
imply days below elevation 283 Ft because that is the elevation at which current 
operating polices reduce the conservation release from 50 CFS to 30 CFS to conserve 
storage.  Days below a drought curve is descriptive of the reservoir function similar to 
vulnerability only on the ground that they both describe loss of the recreation pool 
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function.  Days below a drought curve does not identify the volume of storage depleted 
below the drought curve, where vulnerability may be used to infer this.  Most 
importantly, days below a drought curve does not indicate if storage is below 271 Ft and 
the emergency pool is reduced, and reservoir severity indicates this.  There is value in 
descriptive metrics that identify the maximum depletion and days below a threshold 
value in an individual policy.  However, summary metrics such as vulnerability and 
severity are more appropriate for policy evaluation and comparison because they are 
representative of the impacts of the policy on critical functions of water. 
The metrics may be used to study policy performance under both low probability extreme drought 
events and high probability moderate drought events. 
The instream and reservoir metrics are designed to be representative of critical events 
that may be classified according to their cumulative probability.  The return periods 
representative of events that occur on average once every 50 and 10 years, are calculated 
from the cumulative probabilities 0.02 and 0.1.  50 and 10 year return periods are 
selected to represent different hydrological conditions, where the fifty year return 
period is indicative of rare and severe drought, and the ten year return period is 
indicative of more frequent moderate drought.  Both frequent and rare probabilities are 
used in order to identify if the metrics could capture whether a policy that successfully 
manages rare drought could also manage frequent drought.  By designing the metrics to 
be based on the cumulative probability of events, any probabilities could be analyzed in 
addition to the probabilities selected in this analysis.  One example is selected using the 
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7Q10 in lieu of examples for each 95% exceedence, drought days, and minimum storage 
metric. 
The one benefit to the 7Q10 is that is also uses the 0.1 probability to describe a frequent 
event that occurs on average once every ten years.  This does not capture more rare 
hydrologic conditions however, and would need to be analyzed at a lower probability 
such as the 50 year return period.  For example, the 7Q10 of the preferred policy is 385 
CFS.  The same statistic calculated at the 50 year return period, described here as the 
7Q50, is 385 CFS.  In comparison to a poor performing policy, same configuration as the 
preferred policy but with a high flow target, the 7Q10 is 438 CFS and the 7Q50 is 251 
CFS.  Incorporating the lower probability into the analysis identifies a dramatic decline 
in hydrologic conditions that occurs on average once every fifty years is caused by the 
high flow target policy. 
As opposed to the previously mentioned drawbacks of the 7Q10, 95% exceedence, 
drought days and minimum storage metrics, incorporating probability to study low and 
high frequency events would be a simple refinement to these metrics.  This refinement 
would improve the ability of the metrics to describe a range of conditions.  However, a 
probability refinement would not overcome their drawbacks as descriptors of water 
functions and identifiers of marginal policy improvements to critical water functions. 
6.2.  Policy Selection and Recommended Policy 
The recommended policy as identified in Section 5.3 includes dual zone hedging that 
preserves the emergency pool, a low flow target of 385 CFS, and the low conservation 
releases of 50 CFS between elevations 290-283 Ft and 30 CFS between elevations 283-261 
205 
 
 
Ft.  This policy was slightly preferred over the second best policy, which included no 
hedging with a similar target and conservation releases, as described in the results 
Section 5.3. 
The policy selection process began by looking at the 50 year return period instream and 
reservoir severity metrics.  Policies that introduced short term or long term reservoir 
severity are extremely undesirable because severity indicates the depletion of the 
emergency pool.  The Schuylkill River has experienced two recent water quality 
emergencies in 2006 and 2008 that required 581 million gallons and 452 million gallons 
respectively to be released from Blue Marsh to dilute pollutants in the vicinity of the 
PWD intakes.  The emergency pool is included in this analysis as a reservoir function in 
order to identify policies that would enable Blue Marsh to be used in a drought for both 
streamflow augmentation and emergency releases, given the recent demonstrated need 
for emergency releases.  The preferred policy did not deplete the emergency pool, even 
in the most severe drought.  All policies with the high conservation release introduced 
reservoir severity at both 50 year and 10 year return periods, which indicate the inflow 
to the reservoir during drought cannot support a conservation release of 200 CFS.  The 
medium conservation release policies introduced reservoir severity, but only at the 50 
year return period, and only at the 10 year return period when coupled with the high 
flow target.  The high flow target polices introduced reservoir severity in all policy 
configurations except the single zone hedging, because releases from the water quality 
pool or emergency pool were not permitted by the policy.  Results indicate Blue Marsh 
may not support a flow target of 485 CFS and a conservation release of 200 CFS, whether 
or not they are used in combination. 
206 
 
 
Following reservoir severity, the instream severity metrics were examined to identify 
which policies with low reservoir severity also had low instream severity.  The review of 
reservoir severity results found that policies that incorporated the high flow target or 
high conservation release are undesirable, leaving policies with the low or medium 
conservation releases and low or movable flow targets to review.  The movable flow 
target resulted in higher 50 year return period instream severity under the dual hedging 
configuration (37-39) than the no hedging configuration (6.7-9.8).  This is because 
releases made to support the flow target in the no hedging configuration came from the 
emergency pool and resulted in up to three times the reservoir severity (72.8-151) of the 
dual hedging configuration (0-52.8).  The movable flow target results in either high 
instream severity in the dual hedging configuration, or high reservoir severity in the no 
hedging configuration.  Similar to the high conservation releases and the high flow 
target, the results indicate the movable flow target may not be supported by Blue Marsh. 
The simulated low flow target policies performed better according to the severity 
metrics in all configurations, and when coupled with the low conservation release 
produced the lowest instream and reservoir severity of all other policies within each 
policy configuration.  This indicates that Blue Marsh may support a flow target of 385 
CFS at Norristown. 
Among the policies examined in this analysis, vulnerability was never used to decide 
preference among policies.  That does not diminish the value of the vulnerability metric.  
It is just that in this case study using the historical record of the Schuylkill River from 
1947 to 2011, Blue Marsh could never completely remove instream severity and reservoir 
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severity.  Vulnerability would be an appropriate metric to identify preference among 
policies when both reservoir and instream severity are zero, indicating in this case study 
that the emergency pool and water supply functions are not depleted during low or high 
probability drought conditions. 
6.3. Sensitivity of Recommended Policy and Management Implications 
Sensitivity runs were performed to identify if the preferred policy is more sensitive to 
measurement error in reservoir inflow or measurement error in all other inflows in the 
model.  Four sensitivity runs were performed on the baseline, preferred policy with dual 
zone hedging the low flow target and the low conservation release, and second place 
policy with no hedging the low flow target and the low conservation release.  The runs 
increased and decreased reservoir inflow by 20% and then increased and decreased 
node inflow by 20%. 
Sensitivity results indicate 50 year return period instream and reservoir severity are 
more sensitive to changes in reservoir inflow, whether raised or lowered, as opposed to 
node inflow.  In the preferred policy the emergency pool is not contributing to flow 
target releases and when reductions in storage are driven by reduced reservoir inflow, 
the policy ceases making flow target releases to preserve the emergency pool for an 
extended period of time.  50 year return period instream severity increased from 1.9 to 
16.6 in the preferred policy when Blue Marsh inflow was reduced by 20%.  In the second 
place policy, as designated because it encroaches on the emergency pool, lowering Blue 
Marsh inflow drastically increased 50 year reservoir severity from 2.2 to 43.  Decreases in 
watershed wide streamflow by 20% could not even force half of the changes to the 
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severity metrics in the preferred and second place policies created by decreasing Blue 
Marsh inflow by 20%. 
These sensitivity results emphasize how critical Blue Marsh is to improving drought 
driven declines in streamflow in the Lower Schuylkill River.  The results also emphasize 
how critical research is that may identify how future precipitation patterns, drought 
duration, and tropical storm patterns may influence inflow to Blue Marsh. 
Increasing Blue Marsh inflow in the sensitivity runs produced results in the preferred 
and second place policy that indicate the vulnerability of the Schuylkill River when 
managed with a low flow target may not be reduced further than 16.1 at the 50 year 
return period and 4.8 at the 10 year return period.  This is a critical result given that the 
vulnerability of the original run of the preferred policy is 16.7 at the 50 year return 
period and 5.2 at the 10 year return period.  The results of the preferred policy would 
need to be improved by <1 on the vulnerability index to reach what the sensitivity runs 
indicate are the lowest the reservoir is capable of reducing vulnerability once instream 
and reservoir severity is reduced to zero.  These results indicate the preferred policy is 
producing approximately the greatest improvements possible while at a flow target of 
385 CFS. 
6.4. Drought Restriction Performance 
Two different drought restriction scenarios, one restricting consumptive use and one 
restricting non-consumptive use were applied to the baseline, preferred policy and 
second place policy.  Adding drought restrictions did not transform a poor performing 
policy into a more preferred policy.  As quantified in Section 5.5, drought restrictions 
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were only able to provide marginal improvement to all three policies when the 
restrictions were applied.  The consumptive use restriction scenario only marginally 
outperformed the non-consumptive use restriction scenario. 
One reason for poor performance of demand restrictions on the Schuylkill River is that 
given multiple conservative assumptions, 17.5 CFS was the greatest amount of water 
estimated to be saved upstream of Norristown by demand restrictions.  17.5 CFS is only 
4.5% of the 385 CFS low flow target that comprises the preferred policy. 
Another reason for poor performance of demand restrictions in the Schuylkill River is 
that the majority of water withdrawn from the Schuylkill is already returned to the 
Schuylkill as treated wastewater.  If all water withdrawn from the Schuylkill River 
watershed were discharged to another watershed, drought restrictions may have a 
larger potential for improvement.  In the Schuylkill River upstream of Norristown 
however, estimated total wastewater discharge is 138 CFS and estimated municipal 
supply withdrawals are 206 CFS, indicating 67% of water withdrawn is returned to the 
river upstream of Norristown (Section 4.6).  Moving downstream to the reach of water 
between Norristown and the Philadelphia intakes, the wastewater discharge increases to 
183 CFS and withdrawals increase to 218 CFS, indicating 84% of water withdrawn 
upstream of the PWD intakes is returned to the Schuylkill River as treated wastewater 
(Section 4.6).  The PWD withdrawals are then returned to the confluence of the 
Schuylkill and Delaware Rivers as treated wastewater.  The large percentages of treated 
wastewater returned to the Schuylkill River are a critical source of water, especially 
during drought conditions. 
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These findings are general to the Lower Schuylkill River in the vicinity of Philadelphia 
and Norristown and could be further refined.  Demand restrictions may have localized 
benefits to reaches that do not receive large discharges of treated wastewater, and to 
reaches supplied by groundwater, and in cases where they can selectively and 
significantly target consumptive use (i.e., outdoor watering bans in areas with extensive 
landscape irrigation).  Additionally, refinement of data could include incorporation of 
seasonal patterns in wastewater discharges and the role of distribution system leakage 
and collector system inflow and infiltration. 
6.5. Limitations of Analysis 
There are four limitations of the analysis that require future research and refinement. 
1. Interpretation of the severity metric is dependent upon the normalizing constant. 
In this analysis the instream severity metric is defined to represent depletion of water 
supply, and the normalizing constant is defined to be the tolerable water supply 
depletion to PWD.  The severity metric is designed to represent recovery of the function 
of water at the end of an instream severity event, through careful definition of what the 
tolerable water supply depletion is to a specific utility.  This means that one day after a 
severity event ends and then another severity event begins, there is no carry over 
damage or impacts to the utility from the first event to the second.  The absence of 
carryover damage is not an assumption of the metric, it is built into the metric through 
careful consideration of the normalizing constant. 
Care must be taken to base the tolerable water supply depletion on the known finished 
water storage within utility infrastructure and the distribution system.  Specifically, how 
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many days of potable supply exist in raw, finished storage, and the distribution system.  
If the tolerable water supply depletion is defined to be more days than can be supported 
by finished water storage, the metrics will not represent recovery of the utility supply of 
water in back to back events.  In this application, the recovery of water supply is 
signified by an increase in streamflow above 385 CFS which is the maximum demand 
plus fish ladder requirements.  This is based on the presumption that on that day 
streamflow exceeds 385 CFS, the utility would be able to pump at or in excess of 
maximum demand (285 CFS) to replenish raw water basins without reducing the fish 
passage infrastructure operational need (100 CFS). 
2. The vulnerability and severity metrics are not easily transferable to water quality. 
As briefly discussed in the first limitation of this analysis, the metrics are designed to 
represent functions of water such as an amount of water to operate a fish ladder or the 
amount of water required for pumps to service a municipal supply.  The metrics may be 
carefully defined to represent full recovery of the function of water from event to event.  
Water quality degradation is not as simple to define because it could carryover from one 
event to another, even if events were days apart.  For example, the changes in 
concentrations of physical or non-conservative water quality parameters such as pH or 
total organic carbon due to algal blooms and high precipitation events, respectively.  
Application of the metrics to water quality would have to take into consideration 
carryover degradation from a prior event, and how non-conservative water quality 
parameters would recover in a short period of time. 
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The transferability of the metrics to conservative parameters such as chloride or bromide 
is greater than with non-conservative water quality parameters.  The conservative 
parameters increase with low streamflow due to the lack of dilution, and will respond 
quickly to changes in streamflow. 
3. The model is precise in calculating release size to meet flow target, but actual dam 
operations may over or underestimate the size of release needed to meet flow target. 
It is unknown the accuracy with which dam operators may use existing conditions and 
forecasted precipitation to estimate the size of reservoir releases required to meet a 
Norristown streamflow objective.  Any application of the preferred policy to the 
Schuylkill River would require extensive testing of equations used to estimate release 
size to meet a streamflow objective at Norristown. 
4. The baseline 50 year return period results do not include releases for the Trenton 
target 
Simulations of Blue Marsh storage used to support the Trenton objective are available to 
PWD as the technical advisor to the State of Pennsylvania on Parties to the Supreme 
Court Decree Technical Workgroup.  However, model simulation results are not 
publicly available at the time of this publication for comparison.  If the results were 
available only a visual comparison could be made of reservoir drawdown because 
significant integration of the Schuylkill River OASIS Model into the Delaware River 
Basin Planning Support Tool is required.  It is critical the Schuylkill River OASIS model 
be integrated into the Planning Support tool in order for PWD to be able to investigate 
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how to meet the needs of both salinity repulsion and a Norristown streamflow objective 
given available reservoir storage in the Delaware River Basin. 
6.6. Future Research and Other Applications of Metrics 
There are six areas of future research regarding the Schuylkill River OASIS model and 
the application of the proposed vulnerability and severity metrics. 
1. As mentioned in Section 6.5, the integration of the Schuylkill River analysis presented 
here with analysis of policies that protect the PWD Delaware River water supply intake 
from salinity intrusion is critical.  The proposed metrics in this analysis can be used to 
study water supply availability on the Schuylkill River, and similar metrics should be 
developed for the PWD intake on the Delaware River.  Similarly, reservoir function 
metrics similar to those developed for Blue Marsh may be developed for the other 
reservoirs that contribute to the Trenton streamflow objective.  The proposed metrics in 
this analysis, and adapted metrics for Trenton streamflow and other reservoirs, should 
be used to research water supply availability to PWD from both the Schuylkill and 
Delaware River supplies. 
2. The Schuylkill River OASIS model and proposed metrics can support research into the 
potential relocation of the Limerick Generating Station consumptive use augmentation 
policy streamflow target from Pottstown to Berne.  Pottstown is located downstream of 
the confluence of the Tulpehocken Creek and Schuylkill River where Blue Marsh 
releases are introduced into the mainstem.  An increase in reservoir releases may reduce 
the requirement for consumptive use augmentation, because Pottstown streamflow may 
be elevated by the releases from Blue Marsh.  Berne is located upstream of the 
214 
 
 
Tulpehocken Creek confluence and would not be influenced by releases from Blue 
Marsh.  A flow objective could be designed for Berne such that Limerick Generating 
Station would be required to augment under conditions similar those represented by the 
560 CFS Pottstown objective. 
3. Future research is needed to adapt the proposed metrics to water quality, in order to 
use the Schuylkill River OASIS model to support an analysis of water quality during low 
streamflow conditions.  In order to transition the proposed metrics to water quality, 
research into the relationship between streamflow and other meteorological or 
anthropogenic influences on specific water quality parameters is required.  Additionally, 
improvement or degradation of water quality to concentration thresholds must be 
defined.  The concentration thresholds must then be tied to regulated criteria or specific 
function of the water, such as water being too salty for municipal supply. 
4. Future research is required to refine the data used in the drought restriction analysis 
to capture any implications of seasonal increases and decreases in wastewater 
discharges, the potential paths of water leaked from drinking water distribution 
systems, and groundwater inflow and infiltration into wastewater collection systems. 
5. Future research is required to develop equations that estimate the size of the reservoir 
release required to meet the Norristown flow target given hydrologic conditions and 
forecasted precipitation.  As explained in Appendix C, the streamflow monitoring 
location at Norristown is subject to measurement error during low streamflow.  The 
USGS should be partnered with to coordinate study of a new gauge location at 
Norristown to minimize interference from Barbadoes Island.  Additionally, the river 
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reach upstream of Norristown traverses karst geology.  When groundwater levels in this 
river reach decline, baseflow is no longer contributed to the mainstem and water may 
infiltrate from the mainstem into the groundwater creating a ‘losing’ reach.  Research is 
required to identify the groundwater level where this reach becomes a ‘losing’ reach.  
Any estimation of reservoir release size would require a series of equations to be 
developed based on whether or not the reach is a ‘losing’ reach.  In the vicinity of 
Norristown, USGS groundwater monitoring well MG225 may be used to support such 
research. 
6. Identifying the impacts of climate change on PWD drinking water supply availability 
is critical.  The Schuylkill River OASIS Model and the proposed metrics will be able to be 
directly used in an analysis of climate change impacts on drinking water supply 
availability.  The atmospheric, meteorological, and oceanographic research into climate 
change impacts on local weather patterns and local hydrology is critical to the study of 
water supply availability.  Eventually, the evaluation of climate change impacts will 
require integration of precipitation datasets and streamflow time series with water 
allocation models such as OASIS.  While OASIS is not a process model such as a rainfall-
runoff simulator, it will be able to use the streamflow time series developed through 
such a simulator to study what policies are able to manage reservoirs for water supply, 
power generation, and ecological needs.  
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Appendix A Node Descriptions and Routing Calculations 
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A.1. Bernville 454 
Node Number 454 
Node Name Bernville 
Sub-Watershed Tulpehocken Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Origination 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 11-22-1974 to 09-30-2011 
Data Source USGS 01470779 Tulpehocken 
Creek near Bernville, PA 
Historical Infill Required 10-01-1947 to 11-21-1974 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 311.26 Ft 
Node Elevation Data Source USGS 01470779 
Upstream Node(s) N/A 
Distance to Upstream Node N/A 
Downstream Node 455 Blue Marsh Reservoir 
Distance to Downstream Node 11.57 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 57 CFS 
50th Percentile Discharge, CFS 89 CFS 
75th Percentile Discharge, CFS 138 CFS 
Width at 50th Percentile Discharge, Ft 53.8 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
130.33 
  
Routing to 454 Bernville 
N/A 
  
Routing from 454 Bernville to 455 Blue Marsh Reservoir 
Reach 454 to 455: Celerity = 2.002 Ft/s, Dispersion = 677.06 Ft2/s, C1 = 0.688, C2 = 
0.312 
455 Blue Marsh Reservoir (t) = 0.688 * Bernville (t) + 0.312 * Bernville (t-1) + Blue Marsh 
Historical Inflow (t) 
  
454 Bernville Inflow 
Bernville Historical Inflow (t) = Bernville Historical Streamflow (t) 
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Overview of Node 454 Bernville 
Node 454 Bernville is based on the location and observed gauge data of USGS 01470779 
Tulpehocken Creek near Bernville, PA.  Node 454 requires an historical extension of the 
streamflow record.  Water from Bernville is routed into node 455 Blue Marsh Reservoir. 
Historical Infill 
The Bernville USGS 01470779 gauge is available from 11-22-1974 to 09-30-2011.  
Historical streamflow records need to be estimated for 10-01-1947 to 11-21-1974.  
Multiple correlations are presented below in Table A.1-1.  Correlations with USGS 
01576500 Conestoga River at Lancaster are performed with data from 11-22-1974 to 09-
30-2011.  The selected relationship is presented below in bold.
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Table A.1-1 Bernville Historical Infill Correlation Calculations 
Dependent Variable Y Independent Variable X Pearson’s r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01470779 Bernville USGS 01470500 Berne 0.814 0.663 71.5 36.88 0.099 
Log USGS 01470779 Bernville Log USGS 01470500 Berne 0.864 0.748 0.135 0.263 0.624 
USGS 01470779 Bernville USGS 01468500 Landingville 0.82 0.672 70.6 19.3 0.326 
Log USGS 01470779 Bernville Log USGS 01468500 Landingville 0.866 0.75 0.134 0.292 0.716 
USGS 01470779 Bernville USGS 01469500 Tamaqua 0.716 0.512 86.06 45.76 0.722 
Log USGS 01470779 Bernville Log USGS 01469500 Tamaqua 0.817 0.667 0.155 1.009 0.535 
USGS 01470779 Bernville USGS 01473000 Graterford 0.645 0.416 94.17 73.35 0.08 
USGS 01470779 Bernville USGS 01573000 Swatara at Harper Tavern 0.826 0.684 63.4 53.9 0.09 
Log USGS 01470779 Bernville Log USGS 01573000 Swatara at Harper Tavern 0.865 0.748 0.134 0.738 0.481 
USGS 01470779 Bernville USGS 01576500 Conestoga River at Lancaster 0.834 0.695 68.08 37.07 0.164 
Log USGS 01470779 Bernville Log USGS 01576500 Conestoga River at Lancaster 0.915 0.84 0.108 0.33 0.653 
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Finding the strongest correlation to an historical gauge is critical for this location 
because it feeds into Blue Marsh Reservoir.  Multiple gauges were explored, but there 
were few long term gauges in the rural agricultural areas of the Schuylkill.  The USGS 
gauge 01576500 Conestoga River at Lancaster, PA is located just outside of the 
watershed and was found to have the strongest relationship. 
 
 
 
Table A.1-2 Final Bernville Historical Infill Calculations 
Date Source 
10-01-1947 to 11-21-1974 Bernville (t) = 10^(0.33043 + 0.65286 * Log USGS 01576500 Conestoga River at Lancaster) 
11-22-1974 to 09-30-2011 USGS 01470779 Bernville 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Bernville is 89 CFS, and is used as the linearizing 
flow which all routing parameters are based from. 
Rating Curve 
The most recent rating curve for USGS 01470779 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01470779 is presented below in Table 
A.1-3. 
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Table A.1-3 USGS 01470779 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
1/10/2011 1.53 57.2 19 51 
2/25/2011 3.44 284 19 57.9 
3/7/2011 3.57 410 19 57 
4/11/2011 2.22 142 19 60.5 
5/25/2011 2.49 199 19 58.3 
7/22/2011 1.63 67.9 19 57.5 
9/1/2011 2.01 119 19 52.9 
9/7/2011 5.88 1230 19 87.1 
9/8/2011 10.12 4620 19 158 
9/8/2011 9.55 4100 19 107 
 
 
 
Channel Width 
The channel width at Bernville is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 89 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.1-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
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Figure A.1-1 Bernville Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge given there are no 
measurements that fall between the 45th and 55th percentile discharge range (82-96 CFS), 
the average was taken of the three rating curve measurements closest in discharge to 89 
CFS; 01-10-2011, 07-22-2011, 09-01-2011.  The estimated channel width at the 50th 
percentile discharge at Bernville is 53.8 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
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percentile range of measurements is selected and the results are presented below in 
Figure A.1-2. 
 
 
 
 
Figure A.1-2 Bernville Estimate of 50th Percentile Discharge/Depth Slope from Rating Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 130.33 
Ft2/s. 
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Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Bernville 
derived in the preceding documentation are averaged with the corresponding 
downstream node characteristics.  The discharge at 454 Bernville is being routed in the 
model to 455 Blue Marsh Reservoir.  The releases from 455 Blue Marsh Reservoir are 
then directly routed (no lag) to node 456 Blue Marsh Dam, in essence routing from 454 
to 456.  The downstream channel characteristics for routing this reach 454 to 455 are 
derived from the USGS 01470960 Tulpehocken at Blue Marsh Dam gauging station 
which node 456 is based on.  The averaged reach characteristics in addition to reach 
slope and length data are used in R code, provided at the end of this section, to derive 
the instantaneous response function and corresponding daily response function.  The 
reach characteristics used to calculate the instantaneous response function are presented 
in Table A.1-4 below. 
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Table A.1-4 Routing Bernville to Blue Marsh Final Parameters 
Average Reach Width 80.85 Ft 
 Bernville = 53.8 Ft 
 Blue Marsh Dam = 107.9 Ft 
  
Average Reach 50th Percentile Discharge 145.5 CFS 
 Bernville = 89 CFS 
 Blue Marsh Dam = 202 CFS 
  
Average Reach Discharge/Depth Relationship 161.85 
 Bernville = 130.33 
 Blue Marsh Dam = 193.37 
  
Node Elevations Bernville = 311.26 Ft 
 Blue Marsh Dam = 230.06 Ft 
  
Distance, Bernville to Blue Marsh Reservoir 11.57 Miles 
  
Slope, Bernville to Blue Marsh Reservoir 0.001329 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.1-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 2.002 Ft/s 
Dispersion = 677.06 Ft2/s 
The instantaneous response function is presented below in Figure A.1-3.  Water moving 
at 50th percentile discharge conditions from Bernville takes approximately 7-11 hours to 
fully reach Blue Marsh Reservoir.  
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Figure A.1-3 454 Bernville to 455 Blue Marsh Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.1-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.1-4. 
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Figure A.1-4 Bernville Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.688 
C2 = 0.312 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Bernville to Blue Marsh - Routing Parameter Derivation Code 
>  
> ##Reach 454 Bernville to 455 Blue Marsh## 
> library(Matrix) 
> QB<-89 # CFS, 50th percentile flow at Berneville 
> QD<-202 # CFS, 50th percentile flow at Blue Marsh Dam 
> Q<-(QB+QD)/2 #Averaged 50th percentile flow for the reach 
> Q 
[1] 145.5 
> WB<-53.8 #ft, Berneville channel width at 50th percentile flow 
> WD<-107.9 #ft, Blue Marsh Dam channel width at 50th percentile flow  
> W<-(WB+WD)/2 
> W 
[1] 80.85 
> S_r1<-0.001329 # Slope of reach 
> dQdyB<-130.33 # Berneville 
> dQdyD<-193.37 # Blue Marsh Dam 
> dQdy<-(dQdyB+dQdyD)/2 # Averaged dQdy for reach Berneville to Blue Marsh 
Dam 
> dQdy 
[1] 161.85 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 677.0613 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 2.001855 
> x_r1<-11.57*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
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> ##########Instantaneous Unit Response Berneville to Blue Marsh Dam ####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 11th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 1.000235 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] 0.0002351434 
>  
> r1h_final<-c(r1h_inst[1:10],r1h_inst[11]-adjust,r1h_inst[12:24]) 
> r1h_final 
 [1] 5.175557e-129  1.168352e-48  1.571001e-23  3.535104e-12  2.520164e-06 
 [6]  3.239123e-03  1.133876e-01  4.194003e-01  3.477597e-01  1.014500e-01 
[11]  1.363047e-02  1.074380e-03  5.384763e-05  1.917827e-06  5.199948e-08 
[16]  1.130159e-09  2.048051e-11  3.190751e-13  4.377976e-15  5.393288e-17 
[21]  6.059001e-19  6.287025e-21  6.089027e-23  5.552718e-25 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Berneville to Blue Marsh Dam Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
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+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.6884893 
[2,] 0.3531773 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
          [,1] 
[1,] 0.6884893 
[2,] 0.3115107 
>  
> write.table(r1h_final, file = "BernevilletoDaminstresp.csv", sep = ",", col.names=TRUE) 
>  
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A.2. Blue Marsh Reservoir 455 
Node Number 455 
Node Name Blue Marsh Reservoir 
Sub-Watershed Tulpehocken Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
Reservoir 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 1-1-1998 to 10-31-2007 
Data Source Army Corps of Engineers 
Historical Infill Required 10-01-1947 to 12-31-1997 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, see historical infill 
description 
  
Parameters to Derive Routing  
Node Elevation 230.06 Ft 
Node Elevation Data Source USGS 01470960 
Upstream Node(s) 454 Bernville 
Distance to Upstream Node 11.57 Miles 
Downstream Node 456 Blue Marsh Dam 
Distance to Downstream Node N/A 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Instantaneous 
25th Percentile Discharge, CFS 114 CFS 
50th Percentile Discharge, CFS 202 CFS 
75th Percentile Discharge, CFS 335 CFS 
Width at 50th Percentile Discharge, Ft 107.9 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
193.37 
  
Routing to 455 Blue Marsh Reservoir from 454 Bernville 
Reach 454 to 455: Celerity = 2.002 Ft/s, Dispersion = 677.06 Ft2/s, C1 = 0.688, C2 = 
0.312 
455 Blue Marsh Reservoir (t) = 0.688 * Bernville (t) + 0.312 * Bernville (t-1) + Blue Marsh 
Historical Inflow (t) 
  
Routing from 455 Blue Marsh Reservoir to 456 Blue Marsh Dam 
Blue Marsh Reservoir (t) = Blue Marsh Dam (t) 
  
455 Blue Marsh Reservoir Inflow 
Blue Marsh Reservoir Historical Inflow (t) = Blue Marsh Reservoir Historical 
Streamflow (t) – 0.688 * Bernville (t) - 0.312 * Bernville (t-1) 
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Overview of Node 455 Blue Marsh Reservoir 
Node 455 Blue Marsh Reservoir is based on the location of Blue Marsh Reservoir in 
western Berks County, PA.  Blue Marsh Reservoir is located on the Tulpehocken Creek, 
and there is a gauge less than one mile below the dam, USGS 01470960 Tulpehocken 
Creek at Blue Marsh Damsite near Reading.  The nearest upstream gauge is 11.57 miles 
above the dam, represented by node 454 Bernville described in Section A.1.  The 
following documentation explains how the total streamflow into the reservoir from all 
sources is estimated, referred to here as Blue Marsh Reservoir historical streamflow.  
Data was provided by the Army Corps of Engineers that details storage elevation and 
releases from which they estimate streamflow entering the reservoir.  The Army Corps 
data is treated as if it were actual streamflow data entering the reservoir at one point, 
even though the water enters from many points and the data includes losses from 
storage due to surface evaporation as an endogenous variable.  In contrast to other 
endogenous variable corrections made to other nodes, evaporation losses will not be 
factored back in to the estimated streamflow dataset.  By leaving evaporation as an 
endogenous variable to the Blue Marsh Reservoir historical streamflow, a separate 
estimate of evaporation does not have to be made. 
The following documentation also explains how routing parameters are calculated so 
that water may be routed into the reservoir and then out of the reservoir.  An 
assumption is made that water is routed into the reservoir at the pace that would occur 
if water were to be routed from USGS 01470779 to USGS 01470960, Bernville to Blue 
Marsh Dam. 
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Reservoir Evaporation 
The historical streamflow to Blue Marsh Reservoir is an estimate of the total streamflow 
to the reservoir from all tributaries, based on a relationship with the discharge at 
Bernville.  The historical streamflow is derived using reservoir data provided by the 
Army Corps of Engineers, which calculates inputs to the reservoir from observed 
changes in reservoir elevation and releases.  Implicit in the Army Corps data is water 
lost to surface evaporation.  The historical extension of the streamflow to Blue Marsh is 
derived from the Army Corps data which includes evaporation losses, and therefore it is 
reasonably assumed here that the historical dataset derived also includes evaporation 
losses.  This historical dataset will be used in conjunction with routed Bernville historical 
data to calculate inflow to this node. 
Historical Infill 
The instantaneous total flow to Blue Marsh was made available by the Army Corps of 
Engineers for 01-01-1998 to 09-30-2011.  A daily average of the instantaneous data was 
taken and used in the correlation analysis.  The correlations explored and results are 
below in Table A.2-1.  The selected relationship is presented in bold. 
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Table A.2-1 Historical Infill Correlation Calculations 
Dependent 
Variable Y 
Independent 
Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
Blue Marsh 
streamflow* Bernville 0.943 0.89 130.9 4.906 2.58 
Log Blue Marsh 
streamflow* Log Bernville 0.944 0.89 0.119 -0.02 1.198 
* Streamflow provided by Army Corps of Engineers, represents total flow into the reservoir from 
all tributaries 
 
 
 
There are 23 days that have incomplete instantaneous data and are omitted from the 
daily average calculation and correlation analysis: 08-02-1998, 08-03-1998, 05-31-1999, 06-
07-1999, 09-11-1999 to 09-13-1999, 08-30-2006, 08-31-2006, 09-01-2006, 10-23-2006, 01-14-
2007, 01-15-2007, 12-24-2007 to 12-25-2007, and 06-23-2010 to 06-30-2010.  Those dates are 
estimated using the Bernville correlation in addition to the missing historical record. 
 
 
 
Table A.2-2 Final Historical Infill Equations 
Date Source 
10-01-1947 to 12-31-1997 Log Blue Marsh Historical Streamflow = -0.02 + 1.198 * Log USGS 01470779 Bernville 
01-01-1998 to 09-30-2011 Actual Blue Marsh Historical Streamflow* 
* Data provided by Army Corps 
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Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The data used is the reservoir inflow calculated in Table A.2-2, which is an 
estimate of what the discharge would be at the location of the Blue Marsh Dam without 
the interference of the reservoir.  The 50th percentile discharge for Blue Marsh Dam is 202 
CFS, and is used as the linearizing flow which all routing parameters are based from. 
Rating Curve 
The most recent rating curve for USGS 01470960 Tulpehocken Creek at Blue Marsh 
Damsite is used for the estimation of channel width at the 50th percentile and the 
discharge/depth slope at the 50th percentile required for routing.  The location of the 
gauge is less than one mile below the dam site.  The most recent rating curve for USGS 
01470960 is presented below in Table A.2-3. 
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Table A.2-3 USGS 01470960 Channel Data Used in Routing 
Date Gauge Ht, Ft Discharge, CFS Rating Curve Width, Ft 
10/16/06 2.79 161 19.1 116 
12/12/06 2.97 197 19.1 105 
2/13/07 2.79 156 19.1 106 
3/29/07 3.68 442 19.1 106 
5/9/07 2.96 207 19.1 105 
6/20/07 2.96 204 19.1 105 
8/7/07 2.45 83.5 19.1 101 
9/25/07 2.42 70.2 19.1 94 
10/23/07 2.85 160 19.1 104 
11/26/07 3.08 233 19.1 114 
1/22/08 3.02 206 19.1 101 
3/17/08 3.64 413 19.1 107 
5/1/08 3.47 350 19.1 104 
6/17/08 2.58 111 19.1 102 
8/5/08 2.44 72.3 19.1 94 
9/9/08 2.44 68.4 19.1 100 
11/5/08 2.5 85.9 19.1 99 
12/9/08 2.51 90.7 19.1 99.5 
1/27/09 2.74 148 19.1 101 
3/18/09 2.63 123 19.1 101 
5/11/09 3.35 309 19.1 106 
7/14/09 3.13 232 19.1 123 
9/10/09 3.22 198 19.1 112 
9/22/09 3.27 215 19.1 108 
10/28/09 4.47 774 19.1 134 
12/23/09 3.35 300 19.1 121 
2/24/10 3.31 293 19.1 108 
4/6/10 3.61 419 19.1 121 
5/25/10 3.02 213 19.1 119 
8/2/10 2.86 159 19.1 105 
9/8/10 3.27 165 19.1 120 
9/16/10 2.56 47.8 19.1 101 
11/10/10 2.94 157 19.1 94.8 
1/5/11 2.65 115 19.1 118 
2/24/11 3.4 322 19.1 113 
4/19/11 5.59 1520 19.1 145 
5/27/11 3.46 376 19.1 117 
6/1/11 3.03 234 19.1 126 
7/18/11 2.6 92.4 19.1 116 
9/1/11 3.96 328 19.1 120 
11/4/11 4.08 608 19.1 124 
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Channel Width 
The channel width at Blue Marsh Reservoir is required for convolution routing, 
specifically while conditions are at the 50th percentile discharge of 202 CFS.  USGS 
01470960 Tulpehocken Creek near Blue Marsh Damsite will be used to estimate the 
channel width.  The width at 50th percentile conditions must be estimated due to data 
availability and data noise.  As presented below in Figure A.2-1, a relationship between 
discharge and channel width is not easily discernible and estimation is required. 
 
 
 
 
Figure A.2-1 Blue Marsh Reservoir Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (182 – 228 
CFS).  The estimated channel width at the 50th percentile discharge is 107.8 Ft. 
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Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.2-2. 
 
 
 
 
Figure A.2-2 Blue Marsh Reservoir Estimate of 50th Percentile Discharge/Depth Slope from 
Rating Curve 
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According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 193.37 
Ft2/s. 
Summary of Routing Parameters 
The releases from the Blue Marsh Reservoir node will be instantaneously routed to the 
Blue Marsh Dam node 455.  The routing parameters derived in this document are to be 
used as the downstream conditions to which water is routed from Bernville 454. 
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A.3. Blue Marsh Dam 456 
Node Number 456 
Node Name Blue Marsh Dam 
Sub-Watershed Tulpehocken Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Segment 
Inflow (Yes, No, OCL) No 
  
Historical Data Availability  
Data Available 05-01-1965 to 09-30-2011 
Data Source USGS 01470960 Tulpehocken 
Creek near Blue Marsh Damsite 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 230.06 Ft 
Node Elevation Data Source USGS 01470960 
Upstream Node(s) 455 Blue Marsh Dam 
Distance to Upstream Node N/A 
Downstream Node 457 Tulpehocken 
Distance to Downstream Node 5.37 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 114 CFS 
50th Percentile Discharge, CFS 202 CFS 
75th Percentile Discharge, CFS 335 CFS 
Width at 50th Percentile Discharge, Ft 107.9 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
193.37 
  
Routing to 456 Blue Marsh Dam from 455 Blue Marsh Reservoir 
456 Blue Marsh Dam (t) = Blue Marsh Reservoir (t) 
  
Routing from 456 Blue Marsh Dam to 457 Tulpehocken 
Reach 456 to 457: Celerity = 2.735 Ft/s, Dispersion = 2103.41 Ft2/s, C1 = 0.922, C2 = 
0.078 
457 Tulpehocken (t) = 0.922 * Blue Marsh Dam (t) + 0.078 * Blue Marsh Dam (t-1) + 
Tulpehocken Historical Inflow (t) 
  
456 Blue Marsh Dam Inflow 
N/A 
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Overview of Node 456 Blue Marsh Dam 
Node 456 Blue Marsh Dam is based on the observed data and location of USGS 01470960 
Tulpehocken Creek at Blue Marsh Damsite near Reading.  The location of the USGS 
01470960 is less than one mile downstream of Blue Marsh Dam.  Water is routed 
instantaneously from node 455 Blue Marsh Reservoir to 456 Blue Marsh Dam, and no 
inflow is added between node 455 and 456.  Water is then routed from node 456 to node 
457 Tulpehocken. 
To simulate the requirements of the Delaware River Basin Commission Water Code 18 
CFS Part 410 Table 4, a minimum conservation release of 59 CFS will be applied to the 
arc from 455 to 456 to represent the Tulpehocken Creek conservation release. 
Historical Infill 
There will be no inflow calculated for node 456 Blue Marsh Dam therefore no historical 
infill is required.  The discharge at this node will be solely comprised of releases from 
node 455 Blue Marsh Reservoir. 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Blue Marsh Dam is 202 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
The data used to calculate the Blue Marsh Dam flow duration is based on actual 
streamflow data as measured at gauge USGS 01470960, located less than one mile 
downstream of the dam.  There are no corrections made for releases from Blue Marsh 
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Reservoir.  The flow duration based off release-influenced data is selected for use here, 
as opposed to the flow duration for 455 Blue Marsh Reservoir which estimates the flow 
duration of the stream without the dam.  At this node, 456 Blue Marsh Dam, all 
simulated model discharge flowing past this node will be influenced by reservoir 
releases programmed to current operational policies similar to those influencing 
streamflow observed at USGS 01470960. 
Rating Curve 
The most recent rating curve for USGS 01470960 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01470960 is presented below in Table 
A.3-1. 
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Table A.3-1 USGS 01470960 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
1/5/2007 1.7 17.1 5 33.5 
2/20/2007 1.62 12.6 5 33 
4/9/2007 1.66 14.6 5 35 
6/14/2007 1.64 13.4 5 34 
7/24/2007 1.88 31.6 5 36 
10/10/2007 1.88 30.7 5 34.5 
12/5/2007 1.69 16.2 5 33.5 
1/16/2008 1.68 16.4 5 34 
3/6/2008 1.77 22.6 5 34 
5/7/2008 1.64 13.6 5 36 
6/26/2008 1.63 13 5 34.5 
8/7/2008 1.99 38.2 5 36 
9/18/2008 1.67 12.8 5 33.5 
10/23/2008 1.95 33.7 5 34 
10/23/2008 1.9 34.1 5 37 
12/3/2008 1.69 17.3 5 35 
3/4/2009 1.65 15.7 5 38 
3/5/2009 1.64 15.5 5 38.5 
4/14/2009 1.68 17.5 5 39.5 
5/21/2009 1.63 14.7 5 38.5 
7/7/2009 1.65 15.2 5 38.5 
8/19/2009 1.65 14.9 5 38.5 
10/7/2009 1.65 14.8 5 36 
12/1/2009 1.67 17.4 5 38.5 
1/20/2010 1.66 16.5 5 37 
2/24/2010 2.19 81.6 5 40.8 
3/10/2010 1.79 26.5 5 38.5 
4/20/2010 1.64 15 5 36.5 
6/23/2010 1.63 14.9 5 36.5 
8/31/2010 1.9 39.3 5 43.5 
10/20/2010 1.52 9.06 5 37 
12/8/2010 1.67 17.2 5 39 
2/23/2011 1.69 18.5 5 36 
4/20/2011 1.72 18.7 5 39 
6/20/2011 1.64 13.8 5 37 
8/31/2011 1.69 17 5 39 
11/8/2011 1.7 18.2 5 36 
12/8/2011 1.83 28.9 5 36 
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Channel Width 
The channel width at Blue Marsh Dam is required for convolution routing, specifically 
while conditions are at the 50th percentile discharge of 202 CFS.  The width at those 
conditions must be estimated due to data availability and data noise.  As presented 
below in Figure A.3-1, a relationship between discharge and channel width is not easily 
discernible and estimation is required. 
 
 
 
 
Figure A.3-1 Blue Marsh Dam Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (182 – 228 
CFS).  The estimated channel width at the 50th percentile discharge is 107.8 Ft. 
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The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.3-2. 
 
 
 
 
Figure A.3-2 Blue Marsh Dam Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve  
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According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 193.37 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Blue Marsh 
Dam derived in the preceding documentation are averaged with downstream node 457 
Tulpehocken characteristics.  The averaged reach characteristics in addition to reach 
slope and length data are used in R code, provided at the end of this section, to derive 
the instantaneous response function and corresponding daily response function.  The 
reach characteristics used to calculate the instantaneous response function are presented 
in Table A.3-2 below. 
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Table A.3-2 Routing Blue Marsh Dam to Tulpehocken Final Parameters 
Average Reach Width 113.6 Ft 
 Blue Marsh Dam = 107.9 Ft 
 Tulpehocken = 119.3 Ft 
  
Average Reach 50th Percentile Discharge 227 CFS 
 Blue Marsh Dam = 202 CFS 
 Tulpehocken = 252 CFS 
  
Average Reach Discharge/Depth Relationship 310.7 
 Blue Marsh Dam = 193.37 
 Tulpehocken = 427.9 
  
Node Elevations Blue Marsh = 230.06 Ft 
 Tulpehocken = 216.6 Ft 
  
Distance, Blue Marsh Dam to Tulpehocken 5.37 Miles 
  
Slope, Blue Marsh Dam to Tulpehocken 0.000475 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.3-2 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 2.735 Ft/s 
Dispersion = 2103.41 Ft2/s 
The instantaneous response function is presented below in Figure A.3-3.  Water moving 
at 50th percentile discharge conditions from Blue Marsh Dam takes approximately 2-5 
hours to fully reach Tulpehocken. 
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Figure A.3-3 456 Blue Marsh Dam to 457 Tulpehocken Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.3-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.3-4. 
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Figure A.3-4 Blue Marsh Dam Unit Response Function Following Convolution with a 1-Day 
Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.929 
C2 = 0.071 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Blue Marsh Dam to Tulpehocken - Routing Parameter Derivation Code 
##Reach 456 Blue Marsh Dam to 457 Tulpehocken Creek Confluence## 
library(Matrix) 
Qdam<- 202 # CFS, 50th percentile flow for Blue Marsh Dam 
Qtulp<- 252 # CFS, 50th percentile flow for Tulpehocken Confluence 
Q<-  (Qdam+Qtulp)/2  
Wdam<- 107.9 #ft, Blue Marsh Dam channel width at 50th percentile flow 
Q 
Wtulp<- 119.3 #ft, Tulpehocken channel width at 50th percentile flow  
W<-  (Wdam+Wtulp)/2 
W 
S_r1<- 0.000475 # Slope of reach 
dQdydam<- 193.37 # dQdy for 50th percentile flow at the Dam 
dQdytulp<- 427.98 # dQdy for 50th percentile flow at the Tulpehocken 
dQdy<- (dQdydam+dQdytulp)/2 # Averaged dQdy for reach  
dQdy 
K_r1<- (Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
K_r1 
C_r1<- dQdy/W # Celerity Ft/s averaged over channel 
C_r1 
x_r1<- 5.37*5280 # Distance from Blue Marsh Dam to Tulpehocken confluence 
w/Schuylkill 
h<-  24 
t<-  86400/h # Time in seconds, one hour, calc. for ts must be done in s 
n<-  24 # number of time periods looked at 
ti<-  matrix(1:h,nrow=h,ncol=1) 
#ti<-  t*ti 
enum_r1<- matrix(0,nrow=h,ncol=1) 
edenom_r1<- matrix(0,nrow=h,ncol=1) 
hi_r1<- matrix(0,nrow=h,ncol=1) 
tt_r1<- matrix(1,nrow=h,ncol=1) 
#tt<-  t*ti 
 
##########Instantaneous Unit Response Dam to Confluence####### 
 
for (i in 1:h) 
{ 
  tt_r1[i]=t*i 
  enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
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  edenom_r1 = 4*K_r1*tt_r1[i] 
  hi_r1[i] 
=(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
} 
 
r1h_inst=hi_r1*86400/h 
 
##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
#The adjustment is being made to the 5th ordinate## 
sum(r1h_inst[1:24]) 
adjust<-  sum(r1h_inst)-1 
adjust 
 
r1h_final<-  c(r1h_inst[1:4],r1h_inst[5]-adjust,r1h_inst[6:24]) 
r1h_final 
sum(r1h_final) 
 
plot(ti,r1h_final,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
title("Dam to Tulpehocken Ck Confluence Instantaneous Response Function") 
 
########Convert Instantaneous to Unit Response in Three Steps## 
 
#Put instantaneous unit response into matrix#### 
 
j<-  length(r1h_final) 
r1h_matr<-  Matrix(0,nrow=n+j,ncol=n+1) 
r1h_band<-  list(rep(r1h_final[1],n+1)) 
 
for (i in 1:j) 
{ 
r1h_band[i]<-  list(rep(r1h_final[i],n+1)) 
r1h_band 
} 
r1h_matr<-   bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), 
symm=FALSE) 
 
 
#Convolute with a 25x1 #### 
day<- matrix(1,nrow=h+1,ncol=1) 
unitresp<- r1h_matr%*%day 
plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
#title("Unit Response Function") 
 
#The unit repsonse must be integrated for one day# 
discreteunit<- matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
discreteunit 
sum(discreteunit) 
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#Check for mass balance adjustment to second ordinate# 
discreteunit2<- matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
discreteunit2 
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A.4. Tulpehocken 457 
Node Number 457 
Node Name Tulpehocken 
Sub-Watershed Tulpehocken Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Segment 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1950 to 09-30-2011 
Data Source USGS 01471000 Tulpehocken 
Creek near Reading, PA 
Historical Infill Required 10-01-1947 to 09-30-1950 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 216.6 Ft 
Node Elevation Data Source USGS 01471000 
Upstream Node(s) 456 Blue Marsh Dam 
Distance to Upstream Node 5.37 Miles 
Downstream Node 465 Reading 
Distance to Downstream Node N/A 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Instantaneous 
25th Percentile Discharge, CFS 144 CFS 
50th Percentile Discharge, CFS 252 CFS 
75th Percentile Discharge, CFS 435 CFS 
Width at 50th Percentile Discharge, Ft 119.3 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
427.98 
  
Routing to 457 Tulpehocken from 456 Blue Marsh Dam 
Reach 456 to 457: Celerity = 2.735 Ft/s, Dispersion = 2103.41 Ft2/s, C1 = 0.922, C2 = 
0.078 
457 Tulpehocken (t) = 0.922 * Blue Marsh Dam (t) + 0.078 * Blue Marsh Dam (t-1) + 
Tulpehocken Historical Inflow (t) 
  
Routing from 457 Tulpehocken and 114 Maiden Creek to 465 Reading 
Reach 465 to 468: Celerity = 4.166 Ft/s, Dispersion = 3930.2 Ft2/s, C1 = 0.73, C2 = 0.27 
Reach 467 to 468: Instantaneous Routing 
468 Pottstown (t) = 0.705 * Reading (t) + 0.295 * Reading (t-1) +Manatawny (t) + 
Pottstown Historical Inflow (t) 
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457 Tulpehocken Inflow 
10-01-1947 to 04-30-1950: 
457 Tulpehocken Historical Inflow (t) = 0.132* {10^((0.922*USGS 01472000 (t)) – 0.544)} 
+ 11.51 
10-01-1950 to 04-30-1965: 
457 Tulpehocken Historical Inflow (t) = 0.132 * USGS 01471000 (t) + 11.51 
05-01-1965 to 09-30-2011: 
457 Tulpehocken Historical Inflow (t) = USGS 01471000 (t) - 0.922 * USGS 01470960 (t) - 
0.078 * USGS 01470960 (t-1) 
 
 
 
Overview of Node 457 Tulpehocken Creek 
Node 457 Tulpehocken Creek is based on the observed data, not the location, of USGS 
01471000 Tulpehocken Creek near Reading, PA.  The location of USGS 01471000 is 
located 2.13 miles from the confluence of the Tulpehocken Creek and Schuylkill River, 
and the node location is the end of the Tulpehocken Creek just prior to entering the 
Schuylkill River.  The node was moved to the confluence in order to route water the full 
length of the Tulpehocken Creek below Blue Marsh Dam.  The inflow to node 457 has to 
be estimated three different ways due to streamflow gauge data availability. 
Historical Infill 
The most downstream point of the Tulpehocken Creek before it enters the Schuylkill 
River is the location of node 457 Tulpehocken.  There are two USGS gauges downstream 
of Blue Marsh Reservoir and upstream of node 457 on the Tulpehocken Creek; USGS 
01470960 Tulpehocken at Blue Marsh Dam, and USGS 01471000 Tulpehocken Creek near 
Reading.  The Tulpehocken Creek near Reading gauge is 2.13 miles upstream of the 
confluence of Tulpehocken Creek and the Schuylkill River, and will be used to derive 
the routing parameters and historical inflow values between node 456 Blue Marsh Dam 
and 457 Tulpehocken. 
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Although the discharges measured at both gauges are influenced by the operations of 
the reservoir, USGS 01470960 and 01471000, it is assumed here that the inflow between 
those two gauges is not.  Given the operational dates of both gauges, the inflow data set 
can be derived for most of the modeling period by taking the difference between 
historical downstream and routed upstream values as done with other nodes.  The 
observed data date ranges of the two gauges overlap between 05-01-1965 to 09-30-2011.  
Construction and land clearing for Blue Marsh began in March 1974.  During dam 
construction both streamflow gauges were active, so it is inferred that construction did 
not interfere with the estimate of inflow between the gauges.  From 05-01-1965 to 09-30-
2011 the inflow to 457 Tulpehocken will be calculated using the following equation. 
Inflow equation for 05-01-1965 to 09-30-2011: 
457 Tulpehocken Historical Inflow (t) = USGS 01471000 Tulpehocken near Reading (t) - 
0.922 * USGS 01470960 Tulpehocken at Blue Marsh Dam (t) - 0.078 * USGS 
01470960 Tulpehocken at Blue Marsh Dam (t-1) 
Prior to 05-01-1965, two slightly different approaches are taken to estimate the inflow 
between 456 Blue Marsh Dam and 457 Tulpehocken.  The USGS 01471000 Tulpehocken 
Creek near Reading gauge began recording discharge on 10-01-1950, and is the only 
active gauge on the Tulpehocken Creek from 10-01-1950 to 04-30-1965.  A correlation 
between the USGS 01471000 gauge and the inflow calculated in the prior equation from 
05-01-1965 to 12-31-1973 is used to estimate inflow between 10-01-1950 to 04-30-1965 
when only USGS 01471000 data is available.  The correlation date range is limited to 
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1973 because land clearing and dam construction began in March 1974.  By truncating 
the correlation date range to exclude 1974, any land clearing and construction influences 
on USGS 01471000 hydrology are excluded from the correlation and inflow estimate 
from 10-01-1950 to 04-30-1965. 
The correlation between inflow calculated from the above equation and USGS 01471000 
is presented below in Table A.4-1.  The inflow estimate for 10-01-1950 to 04-30-1965 uses 
the results in Table A.4-1. 
 
 
 
Table A.4-1 Tulpehocken Historical Inflow 05-01-1965 to 12-31-1973 Correlation Calculations 
Dependent 
Variable Y 
Independent 
Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
Tulpehocken 
Inflow 
USGS 01471000 
Tulpehocken 
near Reading 
0.846 0.715 35.1 11.51 0.132 
 
 
 
Inflow equation for 10-01-1950 to 04-30-1965: 
457 Tulpehocken Historical Inflow (t) = USGS 01471000 (t) * 0.132 + 11.51 
In order to estimate the inflow between 456 Blue Marsh Dam and 457 Tulpehocken from 
10-01-1947 to 09-30-1950, the USGS 01471000 gauge record must be estimated through a 
correlation for three years and the inflow estimated using the correlation presented in 
Table A.4-1 above.  Dates used in the correlation in Table A.4-1 include 05-01-1965 to 12-
31-1973. 
Table A.4-2 below presents correlation results for USGS 01471000 Tulpehocken near 
Reading and nearby gauges.  The selected relationship is presented in bold.  The 
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correlation between log USGS 01471000 Tulpehocken near Reading and log USGS 
01472000 Pottstown is the strongest and will be used to estimate Tulpehocken 
streamflow from 10-01-1947 to 04-30-1950.  The estimated Tulpehocken streamflow will 
be used with the correlation in Table A.4-2 to estimate the inflow between 456 Blue 
Marsh Dam and 457 Tulpehocken from 10-01-1947 to 04-30-1950. 
Inflow equation for 10-01-1947 to 04-30-1950: 
457 Tulpehocken Historical Inflow (t) = 0.132* {10^((0.922*USGS 01472000 (t)) – 0.544)} + 
11.51 
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Table A.4-2 Tulpehocken Historical Infill Correlation Calculations 
Dependent Variable Y Independent Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01471000 
Tulpehocken near Reading 
USGS 01470500 
Berne 0.888 0.79 193.2 39.78 0.376 
Log USGS 01471000 
Tulpehocken near Reading 
Log USGS 01470500 
Berne 0.916 0.839 0.136 0.075 0.845 
USGS 01471000 
Tulpehocken near Reading 
USGS 01472000 
Pottstown 0.938 0.879 146.3 -11.78 0.168 
Log USGS 01471000 
Tulpehocken near Reading 
Log USGS 01472000 
Pottstown 0.964 0.928 0.09 -0.544 0.922 
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Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Tulpehocken is 252 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
Rating Curve 
The most recent rating curve for USGS 01471000 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01471000 is presented below in Table 
A.4-3. 
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Table A.4-3 USGS 01471000 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Number Width, Ft 
6/29/2006 6.38 4510 18 190 
7/17/2006 1.48 201 18 105 
8/15/2006 1.24 110 18 106 
10/16/2006 1.54 207 18 101 
12/12/2006 1.7 252 18 102 
2/13/2007 1.56 211 18 98 
5/9/2007 1.68 256 18 96 
6/20/2007 1.54 200 18 100 
8/9/2007 1.19 97.1 18 95 
9/25/2007 1.14 84 18 90 
10/23/2007 1.53 174 18 122 
11/26/2007 1.82 288 18 126 
1/22/2008 1.68 245 18 123 
3/17/2008 2.15 531 18 142 
4/30/2008 2 409 18 140 
6/9/2008 1.46 177 18 139 
7/17/2008 1.27 123 18 125 
10/27/2008 1.73 239 18 138 
12/8/2008 1.29 111 18 122 
2/10/2009 1.88 335 18 141 
3/17/2009 1.37 137 18 130 
5/11/2009 1.91 354 18 142 
7/14/2009 1.71 310 18 138 
9/10/2009 1.63 278 18 134 
10/1/2009 1.68 288 18 135 
11/16/2009 1.63 283 18 124 
12/23/2009 1.92 383 18 127 
2/24/2010 1.92 367 18 130 
4/6/2010 2.14 496 18 147 
5/25/2010 1.67 308 18 136 
8/2/2010 1.41 169 18 117 
9/8/2010 1.48 172 18 120 
11/8/2010 1.69 258 18 123 
1/10/2011 1.37 145 18 110 
4/11/2011 1.58 258 18 134 
5/27/2011 1.98 429 18 115 
7/18/2011 1.25 106 18 108 
9/1/2011 1.96 431 18 122 
11/4/2011 2.4 680 18 154 
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Channel Width 
The channel width at Tulpehocken is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 252 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.4-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
 
 
 
 
Figure A.4-1 Tulpehocken Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the three rating curve measurements between the 45th and 55th percentiles (227 – 
276 CFS).  The estimated channel width at the 50th percentile discharge is 119.3 Ft. 
 
Discharge/Depth Slope 
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The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.4-2. 
 
 
 
 
Figure A.4-2 Tulpehocken Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 427.98 
Ft2/s. 
Tulpehocken near Reading Rating Curve 
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Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Tulpehocken 
derived in the preceding documentation are used in R code, to derive the instantaneous 
response function and corresponding daily response function for the upstream node 456 
Blue Marsh Dam.  Water is routed from 457 Tulpehocken to 465 Reading by 
instantaneous routing which does not use the parameters derived in this documentation. 
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A.5. Wadesville 458 
Node Number 458 
Node Name Wadesville 
Sub-Watershed Upper Schuylkill River 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
Reservoir 
Inflow (Yes, No, OCL) No 
  
Historical Data Availability  
Data Available N/A 
Data Source N/A 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation N/A 
Node Elevation Data Source N/A 
Upstream Node(s) N/A 
Distance to Upstream Node N/a 
Downstream Node 459 Pottsville 
Distance to Downstream Node N/A 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Instantaneous Routing 
25th Percentile Discharge, CFS N/A 
50th Percentile Discharge, CFS N/A 
75th Percentile Discharge, CFS N/A 
Width at 50th Percentile Discharge, Ft N/A 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
N/A 
  
Routing to 458 Wadesville 
N/A 
  
Routing from 458 Wadesville to 459 Pottsville 
459 Pottsville (t) = Wadesville (t) + Historical Pottsville Streamflow (t) 
  
458 Wadesville Inflow 
N/A 
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Overview of Node 458 Wadesville 
Node 458 Wadesville is based on the operations of the Wadesville Mine Pool by 
Limerick Generating Station for cooling water supply during seasonally low streamflow 
conditions in the Schuylkill River.  Wadesville Mine Pool and Still Creek Reservoir are 
two of three cooling water sources to LGS located in the headwaters of the Schuylkill 
River.  Due to a lack of data on Still Creek Reservoir, the demand for cooling water from 
Still Creek Reservoir will be provided by Wadesville in this modeling simulation.  Water 
released from Wadesville will be equivalent to the cooling water withdrawn by node 470 
Limerick Schuylkill Demand when conditions at node 468 Pottstown fall below 560 CFS.  
There is no inflow or reservoir operating rules programmed into node 458 Wadesville.  
The reservoir is given a large initial storage of water which is drawn down over the 
simulation period. 
  
274 
 
A.6. Pottsville 459 
Node Number 459 
Node Name Pottsville 
Sub-Watershed Upper Schuylkill River 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Segment 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1947 to 09-30-1969 
Data Source USGS 01467500 Schuylkill River 
at Pottsville, PA 
Historical Infill Required 10-01-1969 to 09-30-2011 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Wadesville Mine Pool 
  
Parameters to Derive Routing  
Node Elevation 599.24 Ft 
Node Elevation Data Source USGS 01467500 
Upstream Node(s) 458 Wadesville 
Distance to Upstream Node N/A, Instantaneous Routing 
Downstream Node 460 Landingville 
Distance to Downstream Node 8.95 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 44 CFS 
50th Percentile Discharge, CFS 80 CFS 
75th Percentile Discharge, CFS 141 CFS 
Width at 50th Percentile Discharge, Ft 39 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
68.7 
  
Routing to 459 Pottsville 
459 Pottsville (t) = Wadesville (t) + Pottsville Historical Inflow (t) 
  
Routing from 459 Pottsville to 460 Landingville 
Reach 459 to 460: Celerity = 4.83 Ft/s, Dispersion = 517.5 Ft2/s, C1 = 0.917, C2 = 0.083 
460 Landingville (t) = 0.917 * Pottsville (t) + 0.083 * Pottsville (t-1) + Landingville 
Historical Inflow (t)  
  
459 Pottsville Inflow 
Pottsville Historical Inflow (t) = Pottsville Historical Streamflow (t) 
 
275 
 
Overview of Node 459 Pottsville 
Node 459 Pottsville is based on the location and observed gauge data of USGS 01467500 
Schuylkill River at Pottsville, PA.  Node 459 requires an historical extension of the 
streamflow record, as well as the removal of Wadesville Mine Pool releases from the 
dataset used to generate the historical extension.  Water released from reservoir node 
458 Wadesville will be instantaneously routed to 459 Pottsville as needed to provide 
cooling water supply to Limerick Generating Station. 
Interference Correction – Wadesville Mine Pool Releases 
In 2003, through DRBC Docket D-69-210 CP(FINAL)(Revision 11) and (Revision 12), 
Limerick Generating Station (LGS) was authorized to first use the Wadesville Reading 
Anthracite mine near St. Clair, PA as an additional source of cooling water during 
drought restrictions on Schuylkill River and Perkiomen Creek withdrawals.  Water 
pumped from the Wadesville Mine Pool enters Norwegian Creek, which reaches the 
Schuylkill River upstream of USGS 01467500 Pottsville.  LGS provided data of all 
pumping since 2003 when the mine first came into use as a cooling water source. 
In order to remove the interference of pumping from Wadesville on the Upper 
Schuylkill River, the pumping data will be subtracted from the observed Landingville 
USGS 01468500 data because Pottsville USGS 01467500 is not operational after 09-30-
1969.  As presented below in Table C.6-2, Landingville is used to estimate the 
streamflow at Pottsville, so only data corrected for pumping from Wadesville will be 
used to generate Pottsville data after 2003. 
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Historical Infill 
The Pottsville gauge needs historical streamflow records estimated for 10-01-1969 to 09-
30-2011.  The closest long term gauges are Landingville and Tamaqua.  The gauge at 
Landingville is not available for a correlation from 10-01-1969 to 7-25-1973.  The 
correlations with Landingville were performed using data from 10-01-1947 to 09-30-
1965, and the correlations with Tamaqua were performed using data from 10-01-1947 to 
09-30-69.  The correlations explored and results are below in Table A.6-1.  The selected 
relationship is presented in bold. 
The correlation between the Pottsville and Landingville stations is the strongest; 
however Landingville is not available for the full period of record that needs to be 
estimated.  Landingville will be used when available, and the Log Tamaqua relationship 
will be used from 10-01-1969 to 7-25-1973 when the Landingville gauge was not 
operating.  In 2003, as described above, Wadesville mine was pumped to provide 
cooling water to LGS.  From 07-01-2003 to 09-30-2001, water pumped from Wadesville 
mine is subtracted from Landingville observed data prior to being used in the 
correlation equation that estimates Pottsville historical streamflow. 
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Table A.6-1 Pottsville Historical Infill Correlation Calculations 
Dependent Variable 
Y 
Independent 
Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01467500 
Pottsville 
USGS 01468500 
Landingville 0.979 0.959 26.59 -3.229 0.402 
Log USGS 01467500 
Pottsville 
Log USGS 01468500 
Landingville 0.976 0.954 0.078 -0.23 0.927 
USGS 01467500 
Pottsville 
USGS 01469500 
Tamaqua 0.9206 0.847 43.17 22.43 0.922 
Log USGS 01467500 
Pottsville 
Log USGS 01469500 
Tamaqua 0.943 0.89 0.11 0.648 0.710 
Note:  two correlations are selected for use due to data availability considerations, see Table A.6-2 
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Table A.6-2 Final Pottsville Historical Infill Calculations 
Date Source 
10-01-1947 to 09-30-1969 USGS 01467500 Pottsville 
10-01-1969 to 07-25-1973 USGS 01467500 Pottsville = 10^(0.648 + 0.710 * Log USGS 
01469500 Tamaqua) 
07-26-1973 to 06-30-2003 USGS 01467500 Pottsville = -3.229 + 0.402 * USGS 01468500 
Landingville 
07-01-2003 to 09-30-2011 USGS 01467500 Pottsville = -3.229 + 0.402 * (USGS 01468500 
Landingville – Wadesville Pumping) 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Pottsville is 80 CFS, and is used as the linearizing 
flow which all routing parameters are based from. 
Rating Curve 
The most recent rating curve for USGS 01467500is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01467500 is presented below in Table 
A.6-3. 
 
 
 
Table A.6-3 USGS 01467500 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Width, Ft 
4/22/1977 3.03 96.1 42 
6/22/1977 2.7 35 53 
10/18/1978 3 76.9 39 
5/29/1980 3.29 104 53 
3/30/1982 - 150 41 
3/28/1994 5.7 831 71 
3/28/1994 5.7 831 71 
 
Channel Width 
279 
 
The channel width at Pottsville is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 80 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.6-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
 
 
 
 
Figure A.6-1 Pottsville Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (72 – 89 
CFS).  The estimated channel width at the 50th percentile discharge is 39 Ft. 
 
Discharge/Depth Slope 
280 
 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.6-2. 
 
 
 
 
Figure A.6-2  Pottsville Estimate of 50th Percentile Discharge/Depth Slope from Rating Curve 
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According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 68.7 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Pottsville 
derived in the preceding documentation are averaged with the corresponding 
downstream node characteristics of Landingville.  The averaged reach characteristics in 
addition to reach slope and length data are used in R code, provided at the end of this 
section, to derive the instantaneous response function and corresponding daily response 
function.  The reach characteristics used to calculate the instantaneous response function 
are presented in Table A.6-4 below. 
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Table A.6-4 Routing Pottsville to Landingville Final Parameters 
Average Reach Width 50.6 Ft 
 Pottsville = 39 Ft 
 Landingville = 62.2 Ft 
  
Average Reach 50th Percentile Discharge 142.5 CFS 
 Pottsville = 80 CFS 
 Landingville = 205 CFS 
  
Average Reach Discharge/Depth Relationship 244.4 
 Pottsville = 68.7 
 Landingville = 420.17 
  
Node Elevations Pottsville = 599.24 Ft 
 Landingville = 470.64 Ft 
  
Distance, Pottsville to Landingville 8.95 Miles 
  
Slope, Pottsville to Landingville 0.002721 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.6-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 4.83 Ft/s 
Dispersion = 517.49 Ft2/s 
The instantaneous response function is presented below in Figure A.6-3.  Water moving 
at 50th percentile discharge conditions from Pottsville takes approximately 3 hours to 
fully reach Landingville. 
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Figure A.6-3 125 Pottsville to 126 Landingville Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
C.6-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.6-4. 
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Figure A.6-4 Pottsville Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Pottsville to Landingville - Routing Parameter Derivation Code 
 
> ##Reach 459 Pottsville 460 Landingville## 
> library(Matrix) 
> Qpotts<-80 # CFS, 50th percentile flow at Pottsville 
> Qland<-205 # CFS, 50th percentile flow at Landingville 
> Q<-(Qland+Qpotts)/2 #Averaged 50th percentile flow for the reach 
> Q 
[1] 142.5 
> Wpotts<-39 # ft, Pottsville channel width at 50th percentile flow 
> Wland<-62.2 #ft, Landingville channel width at 50th percentile flow  
> W<-(Wland+Wpotts)/2 
> W 
[1] 50.6 
> S_r1<-0.002721 # Slope of reach 
> dQdypotts<-68.7 # Pottsville at 50th percentile 
> dQdyland<-420.17 # Landingville at 50th percentile  
> dQdy<-(dQdyland+dQdypotts)/2 # Average dQdy assumed for reach 
> dQdy 
[1] 244.435 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 517.4946 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 4.830731 
> x_r1<-(8.95)*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Pottsville to Landingville####### 
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>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 3rd ordinate## 
> sum(r1h_inst[1:24]) 
[1] 0.6379445 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] -0.3620555 
>  
> r1h_final<-c(r1h_inst[1:2],r1h_inst[3]-adjust,r1h_inst[4:24]) 
> r1h_final 
 [1]  1.018608e-51  1.008351e-04  9.998991e-01  6.871760e-08  3.743465e-19 
 [6]  1.468849e-32  3.463772e-47  1.415391e-62  1.803066e-78  1.017943e-94 
[11] 3.184651e-111 6.406425e-128 9.183843e-145 1.009528e-161 8.978406e-179 
[16] 6.725342e-196 4.375042e-213 2.531302e-230 1.327241e-247 6.401891e-265 
[21] 2.875276e-282 1.214394e-299 4.862792e-317  0.000000e+00 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Pottsville to Landingville Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
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> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit response must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.9166709 
[2,] 0.1249958 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
           [,1] 
[1,] 0.91667087 
[2,] 0.08332913 
>  
> write.table(r1h_final, file = "PottstoLandinstresp.csv", sep = ",", col.names=TRUE) 
>  
>  
  
288 
 
A.7. Landingville 460 
Node Number 460 
Node Name Landingville 
Sub-Watershed Upper Schuylkill 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Segment 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1947 to 4-30-1953, 10-1-
1963 to 9-30-1965, and 7-26-1973 
to 9-30-2011 
Data Source USGS 01468500 Schuylkill River 
at Landingville, PA 
Historical Infill Required 5-1-1953 to 9-30-1963, 10-1-1965 
to 7-25-1973 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Wadesville Mine Pool 
  
Parameters to Derive Routing  
Node Elevation 470.64 Ft 
Node Elevation Data Source USGS 01468500 
Upstream Node(s) 459 Pottsville 
Distance to Upstream Node 8.95 Miles 
Downstream Node 463 Little Schuylkill Confluence 
Distance to Downstream Node 10.9 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 117 CFS 
50th Percentile Discharge, CFS 205 CFS 
75th Percentile Discharge, CFS 352 CFS 
Width at 50th Percentile Discharge, Ft 62.2 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
420.2 
  
Routing to 460 Landingville from 459 Pottsville 
Reach 459 to 460: Celerity = 4.83 Ft/s, Dispersion = 517.5 Ft2/s, C1 = 0.917, C2 = 0.083 
460 Landingville (t) = 0.917 * Pottsville (t) + 0.083 * Pottsville (t-1) + Landingville 
Historical Inflow (t)  
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Routing from 460 Landingville and 462 Drehersville to 463 Little Schuylkill 
Reach 462 to 463: Celerity = 4.47 Ft/s, Dispersion = 391.67 Ft2/s, C1 = 0.953, C2 = 0.047 
Reach 460 to 463: Celerity = 4.39 Ft/s, Dispersion = 1270.6 Ft2/s, C1 = 0.884, C2 = 0.116 
463 Little Schuylkill (t) = 0.953 * Drehersville (t) + 0.047 * Drehersville (t-1) + 0.884 * 
Landingville (t) + 0.116 * Landingville (t-1) 
  
460 Landingville Inflow 
Landingville Historical Inflow (t) = Landingville Historical Streamflow (t) – 0.917 * 
Pottsville (t) – 0.083 * Pottsville (t-1) 
 
 
 
Overview of Node 460 Landingville 
Node 460 Landingville is based on the location and observed gauge data of USGS 
01468500 Schuylkill River at Landingville, PA.  Node 460 requires an historical extension 
of the streamflow record, as well as the removal of Wadesville Mine Pool releases from 
data recorded after 07-01-2003. 
Interference Correction – Wadesville Pumping 
In 2003, through DRBC Docket D-69-210 CP(FINAL)(Revision 11) and (Revision 12), 
Limerick Generating Station (LGS) was authorized to first use the Wadesville Reading 
Anthracite mine near St. Clair, PA as an additional source of cooling water during 
drought restrictions on Schuylkill River and Perkiomen Creek withdrawals.  Water 
pumped from the Wadesville Mine Pool enters Norwegian Creek, which reaches the 
Schuylkill River upstream of the Pottsville USGS 01467500 gauge.  LGS provided data of 
all pumping since 2003 when the mine came into use as a cooling water source. 
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In order to remove the interference of pumping from the Wadesville mine on the Upper 
Schuylkill River, the pumping data will be subtracted from the observed Landingville 
USGS 01468500 data from 07-01-2003 to 09-30-2011. 
Historical Infill 
The streamflow at Landingville in the headwaters of the Schuylkill River must be 
estimated historically as well as adjusted to remove the influence of pumping from 
Wadesville Mine Pool.  The USGS 01468500 Landingville gauge is available from 10-01-
1947 to 04-30-1953, 10-01-1963 to 09-30-1965, and 07-26-1973 to 09-30-2011.  An estimate 
of historical streamflow is required for 05-01-1953 to 09-30-1963 and 10-01-1965 to 07-25-
1973.  Correlations with USGS 01469500 Tamaqua are performed with data from 10-01-
1947 to 04-30-1953 and 10-01-1963 to 09-30-1965.  The correlations explored and the 
results are below in Table A.7-1.  The selected relationship is presented in bold.  
 
 
 
Table A.7-1 Landingville Historical Infill Correlation Calculations 
Dependent 
Variable Y 
Independent 
Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01468500 
Landingville 
USGS 01469500 
Tamaqua 0.957 0.915 92.2 56.53 2.44 
Log USGS 
01468500 
Landingville 
Log USGS 
0147000 
Tamaqua 
0.965 0.931 0.101 0.977 0.760 
 
 
 
The correlation between the log of Landingville and Tamaqua is the strongest, and will 
be used to estimate historical Landingville streamflow during the two intervals where 
the gauge was not in operation.  Additionally, as described above for data from 07-01-
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2003 to 09-30-12011 the influence from the pumping of Wadesville for LGS is subtracted 
from observed Landingville data. 
 
 
 
Table A.7-2 Final Landingville Historical Infill Calculations 
Date Source 
10-01-1947 to 04-30-1953 USGS 01468500 Landingville 
05-01-1953 to 09-30-1963 Log USGS 01468500 Landingville = 10^(0.98 + 0.76 * Log USGS 
01469500 Tamaqua) 
10-01-1963 to 09-30-1965 USGS 01468500 Landingville 
10-01-1965 to 07-25-1973 Log USGS 01468500 Landingville = 10^(0.98 + 0.76 * Log USGS 
01469500 Tamaqua) 
07-26-1973 to 06-30-2003 USGS 01468500 Landingville 
07-01-2003 to 09-30-2011 USGS 01468500 Landingville – Wadesville Pumping 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Landingville is 205 CFS, and is used as the 
linearizing flow which all routing parameters are based from.  The data used to calculate 
the Landingville flow duration is based on the gauge data corrected for Wadesville 
pumping. 
Rating Curve 
The most recent rating curve for USGS 01468500 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01468500 is presented below in Table 
A.7-3. 
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Table A.7-3 USGS 01468500 Channel Data Used in Routing 
Date Gauge Height, CFS Discharge, CFS Rating Curve Width, Ft 
11/12/2010 3.12 136 18 68 
11/12/2010 3.12 133 18 73 
1/3/2011 3.09 171 18 61.8 
2/23/2011 3.34 249 18 62.6 
4/14/2011 4.2 638 18 74.7 
5/26/2011 4.23 676 18 69.8 
7/13/2011 2.94 117 18 64.7 
8/30/2011 3.85 457 18 75.4 
10/18/2011 3.83 452 18 76.2 
12/14/2011 3.93 504 18 74.9 
 
 
 
Channel Width 
The channel width at Landingville is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 205 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.7-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
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Figure A.7-1 Landingville Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (184 – 230 
CFS).  The estimated channel width at the 50th percentile discharge is 62.2 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.7-2. 
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Figure A.7-2 Landingville Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 420.2 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Landingville 
derived in the preceding documentation are averaged with downstream node 463 Little 
Schuylkill characteristics.  The averaged reach characteristics in addition to reach slope 
and length data are used in R code, provided at the end of this section, to derive the 
instantaneous response function and corresponding daily response function.  The reach 
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characteristics used to calculate the instantaneous response function are presented in 
Table A.7-4 below. 
 
 
 
Table A.7-4 Routing Landingville to Little Schuylkill Final Parameters 
Average Reach Width 148.6 Ft 
 Landingville = 62.2 Ft 
 Little Schuylkill = 235 Ft* 
  
Average Reach 50th Percentile Discharge 359 CFS 
 Landingville = 205 CFS 
 Little Schuylkill = 514 CFS* 
  
Average Reach Discharge/Depth Relationship 652.95 
 Landingville = 420.2 
 Little Schuylkill = 885.7 * 
  
Node Elevations Landingville = 470.64 Ft 
 Little Schuylkill = 415.9 Ft 
  
Distance, Landingville to Little Schuylkill 10.9 Miles 
  
Slope, Landingville to Little Schuylkill 0.000952 
*Measurements are calculated using USGS 01470500 Berne data, see Section A.10 Little Schuylkill 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.7-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 4.39 Ft/s 
Dispersion = 1270.6 Ft2/s 
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The instantaneous response function is presented below in Figure A.7-3.  Water moving 
at 50th percentile discharge conditions from Landingville takes approximately 3-5 hours 
to fully reach Little Schuylkill. 
 
 
 
 
Figure A.7-3 460 Landingville to 463 Little Schuylkill Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.7-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.7-4. 
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Figure A.7-4 Landingville Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.884 
C2 = 0.116 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Landingville to Little Schuylkill - Routing Parameter Derivation Code 
> ##Reach 460 Landingville to 463 Little Schuylkill Confluence## 
> library(Matrix) 
> Qland<-205 # CFS, 50th percentile flow at Landingville  
> QLS<-514 # CFS, 50th percentile flow at Little Schuylkill, assumed to be equal to Berne 
> Q<-(Qland+QLS)/2 #Averaged 50th percentile flow for the reach 
> Q 
[1] 359.5 
> Wland<-62.2 #ft, Landingville channel width at 50th percentile flow 
> WLS<-235 #ft, Little Schuylkill channel width at 50th percentile flow, assumed to be 
equal to Berne 
> W<-(Wland+WLS)/2 # Averaged 50th percentile width for the reach 
> W 
[1] 148.6 
> S_r1<-0.000952 # Slope of reach 
> dQdyland<-420.2 # Landingville  
> dQdyLS<-885.7 # Little Schuylkill, assumed to be equal to Berne 
> dQdy<-(dQdyland+dQdyLS)/2 # Landingville dQdy assumed for reach 
> dQdy 
[1] 652.95 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 1270.613 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 4.394011 
> x_r1<-10.9*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
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> ##########Instantaneous Unit Response Drehersville to Little Schuylkill 
Confluence####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 4th ordinate## 
> sum(r1h_inst[1:6]) 
[1] 0.8391764 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] -0.1608236 
>  
> r1h_final<-c(r1h_inst[1:3],r1h_inst[4]-adjust,r1h_inst[5:24]) 
> r1h_final 
 [1]  3.463712e-41  2.873222e-08  2.281133e-01  7.676258e-01  4.259331e-03 
 [6]  1.555629e-06  1.056979e-10  2.521662e-15  3.003204e-20  2.203881e-25 
[11]  1.138968e-30  4.530240e-36  1.474482e-41  4.102306e-47  1.007285e-52 
[16]  2.235532e-58  4.566888e-64  8.709678e-70  1.568024e-75  2.688576e-81 
[21]  4.421997e-87  7.017400e-93  1.079652e-98 1.616874e-104 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Landingville to Little Schuylkill Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
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+ r1h_band 
+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.8843271 
[2,] 0.1573395 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
          [,1] 
[1,] 0.8843271 
[2,] 0.1156729 
>  
> write.table(r1h_inst, file = "LandingvilletoLSinstresp.csv", sep = ",", col.names=TRUE) 
>  
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A.8. Tamaqua 461 
Node Number 461 
Node Name Tamaqua 
Sub-Watershed Little Schuylkill River 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Origination 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1947 to 09-30-2011 
Data Source USGS Gauge 01469500 Little 
Schuylkill River at Tamaqua, 
PA 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Limerick Generating 
Station Cooling Water Releases 
from Still Creek Reservoir 
  
Parameters to Derive Routing  
Node Elevation 817.48 Ft 
Node Elevation Data Source USGS Gauge 01469500 
Upstream Node(s) N/A 
Distance to Upstream Node N/A 
Downstream Node 462 Drehersville 
Distance to Downstream Node 18.2 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 31 CFS 
50th Percentile Discharge, CFS 61 CFS 
75th Percentile Discharge, CFS 114 CFS 
Width at 50th Percentile Discharge, Ft 47.7 Ft 
Discharge/Depth Slope of 25th to 75th Percentile  181.84 
  
Routing to 461 Tamaqua  
N/A 
  
Routing from 461 Tamaqua to 462 Drehersville  
Reach 461 to 462: Celerity = 4.24 Ft/s, Dispersion = 287.5 Ft2/s, C1 = 0.784, C2 = 0.216 
462 Drehersville (t) = 0.784 * Tamaqua (t) + 0.216 * Tamaqua (t-1) + Drehersville 
Historical Inflow (t) 
  
461 Tamaqua Inflow  
Tamaqua Historical Inflow (t) = Tamaqua Historical Streamflow (t) 
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Overview of Node 461 Tamaqua 
Node 461 Tamaqua is based on the location and observed gauge data of USGS 01469500 
Little Schuylkill River at Tamaqua, PA.  The gauge and model node are located 
downstream of Still Creek Reservoir, the releases of which are an endogenous variable 
to the historical Tamaqua streamflow record.  The removal of interference of Still Creek 
Reservoir releases, driven by the cooling water supply augmentation needs of Limerick 
Generating Station (LGS), on the historical streamflow record and flow duration at 
Tamaqua are detailed below. 
Still Creek is used as a source of municipal water supply to the Schuylkill County 
Municipal Authority and cooling water supply to LGS when augmentation is required 
under DRBC D-69-210 CP Final (Revision 12).  Still Creek Reservoir is not included in 
this simulation of the Schuylkill River due to a lack of operational data for validation as 
well as the minor role it presently plays as a back up supply of cooling water to LGS.  
LGS water managers have three sources of water to select for augmentation of the 
cooling water supply: Still Creek, Wadesville Mine Pool, and Bradshaw Reservoir.  The 
operational decision to select releases from Still Creek is combined in the model with the 
decision to release from Wadesville Mine Pool, node 458.  This effectively narrows the 
simulation LGS sources of cooling water augmentation supply from three to two.  All 
model validation and policy performance metrics are calculated on the results at nodes 
downstream of the confluence where the Still Creek and Wadesville receiving streams 
meet, Little Schuylkill and Upper Schuylkill River.  In the model, this confluence is 
represented by node 463.  No metrics will be calculated on the nodes upstream of node 
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463, and if it becomes desired to do so in future analysis, an adjustment to include Still 
Creek as a node would be required. 
Interference Correction – Limerick Releases from Still Creek 
Still Creek Reservoir located in the headwaters of the Little Schuylkill River in Tamaqua, 
PA is a back-up source of water that LGS uses to provide cooling water during drought 
restrictions on withdrawals from their Perkiomen and Schuylkill River intakes, and in 
the event of a failure of Point Pleasant Diversion pumping through Bradshaw Reservoir.  
Given that Still Creek releases are a tertiary source of cooling water during drought 
restrictions on Limerick withdrawals, this source of water is not a significant influence 
on Schuylkill River hydrology.  However, data is available on sporadic Still Creek 
releases from 01-01-1999 to 09-30-2011 so an adjustment will be made.  In order to 
remove the influence of Still Creek releases between 01-01-1999 and 09-30-2011, the 
releases will be directly subtracted from the Tamaqua USGS daily average discharge on 
dates where pumping occurred. 
The dataset with Still Creek interference removed is used as the historical inflow to node 
461 Tamaqua and is also used in correlations to generate historical data for nodes 462, 
460, and 459.  Tamaqua streamflow without a correction for Still Creek is used in the 
estimation of inflow to node 463 Little Schuylkill.  Further described in Section 3.1.3, in 
order to estimate the inflow between streamflow stations under the influence of 
endogenous variables, the inflow calculation must incorporate upstream and 
downstream nodes that have either both been corrected for the interference, or both not 
been corrected. 
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Historical Infill 
The historical streamflow record at USGS 01469500 Tamaqua has complete data from 10-
01-1947 to 09-30-2011.  The only historical adjustment is a minor correction for Still 
Creek Reservoir releases based on available data from LGS. 
 
 
 
Table A.8-1 Final Tamaqua Historical Infill Calculations 
Date Source 
10-01-1947 to 12-31-1998 USGS 01469500 Tamaqua 
01-01-1999 to 09-30-2011 Historical Tamaqua Streamflow = USGS 01469500 Tamaqua – Still Creek LGS Releases 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Tamaqua is 61 CFS, and is used as the linearizing 
flow which all routing parameters are based from.  The data used to calculate the 
Tamaqua flow duration is based on streamflow data that has been corrected for LGS 
requested releases from Still Creek Reservoir. 
Rating Curve 
The most recent rating curve for USGS 01469500 Tamaqua is used for the estimation of 
channel width at the 50th percentile and the discharge/depth slope at the 50th percentile 
required for routing.  The most recent rating curve for USGS 01469500 Tamaqua is 
presented below in Table A.8-2. 
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Table A.8-2 USGS 01469500 Channel Data Used in Routing 
Date Gauge Ht, Ft Discharge, CFS Rating Curve Width, Ft 
1/13/2009 2.39 58.6 24 47 
2/24/2009 2.28 42.5 24 47 
4/16/2009 2.47 73.2 24 49 
6/5/2009 2.52 84.1 24 48 
7/13/2009 2.93 184 24 49 
9/1/2009 2.44 62.5 24 48 
10/13/2009 2.18 28.9 24 46 
12/1/2009 2.48 71.3 24 48 
1/19/2010 2.53 78.2 24 48 
3/22/2010 2.75 137 24 49 
5/10/2010 2.4 59 24 48 
6/28/2010 2.37 57.6 24 48 
8/16/2010 2.34 46.6 24 48 
10/15/2010 2.23 34.3 24 45 
11/19/2010 2.63 112 24 47 
1/11/2011 2.24 29.9 24 46 
3/2/2011 2.93 198 24 53 
3/2/2011 2.93 198 24 52 
4/21/2011 3.13 252 24 48 
5/26/2011 3.23 312 24 49 
7/15/2011 2.12 22.3 24 46 
8/17/2011 2.22 35 24 46 
10/27/2011 2.59 104 24 47 
12/6/2011 2.88 178 24 47 
 
 
 
Channel Width 
The channel width at Tamaqua is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 61 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.8-1 a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
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Figure A.8-1 Tamaqua Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (54 – 68 
CFS).  The estimated channel width at the 50th percentile discharge is 47.7 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.8-2. 
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Figure A.8-2 Tamaqua Estimate of 50th Percentile Discharge/Depth Slope from Rating Curve 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 181.84 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Tamaqua 
derived in the preceding documentation are averaged with downstream node 462 
Drehersville characteristics.  The averaged reach characteristics in addition to reach 
slope and length data are used in R code, provided at the end of this section, to derive 
the instantaneous response function and corresponding daily response function.  The 
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reach characteristics used to calculate the instantaneous response function are presented 
in Table A.8-3below. 
 
 
 
Table A.8-3 Routing Tamaqua to Drehersville Final Parameters 
Average Reach Width 68.6 Ft 
 Tamaqua = 47.7 Ft 
 Drehersville = 89.5 Ft 
  
Average Reach 50th Percentile Discharge 129.5 CFS 
 Tamaqua = 61 CFS 
 Drehersville = 201 CFS 
  
Average Reach Discharge/Depth Relationship 291 
 Tamaqua = 182 
 Drehersville = 400 
  
Node Elevations Tamaqua = 817.5 Ft 
 Drehersville = 498.4 Ft 
  
Distance, Tamaqua to Drehersville 18.2 Miles 
  
Slope, Tamaqua to Drehersville 0.003321 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.8-3 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 4.24 Ft/s 
Dispersion = 284.2 Ft2/s 
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The instantaneous response function is presented below in Figure A.8-3.  Water moving 
at 50th percentile discharge conditions from Tamaqua takes approximately 6-8 hours to 
fully reach Drehersville. 
 
 
 
 
Figure A.8-3 461 Tamaqua to 462 Drehersville Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.8-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
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long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.8-4. 
 
 
 
 
Figure A.8-4 Tamaqua Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
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C2 = 0.216 
The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Tamaqua to Drehersville - Routing Parameter Derivation Code 
> ##Reach 461 Tamaqua to 462 Drehersville## 
> library(Matrix) 
> Qtam<-61 # CFS, 25th percentile flow at Tamaqua 
> Qdre<-201 # CFS, 25th percentil flow at Drehersville 
> Q<-(Qtam+Qdre)/2 #Averaged 25th percentile flow for the reach 
> Q 
[1] 131 
> Wtam<-47.7 #ft, Tamaqua channel width at 25th percentile flow 
> Wdre<-89.5 #ft, Drehersville channel width at 25th percentile flow  
> W<-(Wtam+Wdre)/2 
> W 
[1] 68.6 
> S_r1<-0.003321 # Slope of reach 
> dQdytam<-182 # Tamaqua 
> dQdydre<-400 # Drehersville 
> dQdy<-(dQdytam+dQdydre)/2 # Averaged dQdy for reach Tamaqua to Drehersville 
> dQdy 
[1] 291 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 287.5069 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 4.241983 
> x_r1<-18.2*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
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>  
> ##########Instantaneous Unit Response Berne to Maiden####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 7th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 0.8372079 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] -0.1627921 
>  
> r1h_final<-c(r1h_inst[1:6],r1h_inst[7]-adjust,r1h_inst[8:24]) 
> r1h_final 
 [1]  0.000000e+00 3.822120e-225  2.008526e-88  2.377608e-32  1.591587e-08 
 [6]  8.115318e-01  1.884682e-01  1.436084e-09  1.177848e-20  2.005809e-34 
[11]  3.829048e-50  2.521091e-67  1.246287e-85 8.061888e-105 1.025476e-124 
[16] 3.481095e-145 3.982984e-166 1.841846e-187 3.972697e-209 4.482110e-231 
[21] 2.902225e-253 1.163552e-275 3.075130e-298  0.000000e+00 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Tamaqua to Drehersville Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
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+ r1h_band 
+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.7838138 
[2,] 0.2578528 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
          [,1] 
[1,] 0.7838138 
[2,] 0.2161862 
>  
> write.table(r1h_final, file = "TamaquatoDrehersvilleinstresp2.csv", sep = ",", 
col.names=TRUE) 
>  
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A.9.  Drehersville 462 
Node Number 462 
Node Name Drehersville 
Sub-Watershed Little Schuylkill River 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Segment 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-1-47 to 6-30-51, 10-1-63 to 9-
30-65 
Data Source USGS 01470000 Little Schuylkill 
River at Drehersville, PA 
Historical Infill Required 7-1-1951 to 9-30-1963, 10-01-1965 
to 09-30-2011 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Still Creek Reservoir 
  
Parameters to Derive Routing  
Node Elevation 498.37 Ft 
Node Elevation Data Source USGS 01470000 
Upstream Node(s) 461 Tamaqua 
Distance to Upstream Node 18.2 Miles 
Downstream Node 463 Little Schuylkill Confluence 
Distance to Downstream Node 5.45 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 124 CFS 
50th Percentile Discharge, CFS 201 CFS 
75th Percentile Discharge, CFS 311 CFS 
Width at 50th Percentile Discharge, Ft 89.5 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
400 
  
Routing to 462 Drehersville from 461 Tamaqua 
Reach 461 to 462: Celerity = 4.24 Ft/s, Dispersion = 287.5 Ft2/s, C1 = 0.784, C2 = 0.216 
462 Drehersville (t) = 0.784 * Tamaqua (t) + 0.216 * Tamaqua (t-1) + Drehersville 
Historical Inflow (t) 
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Routing from 462 Drehersville and 460 Landingville to 463 Little Schuylkill 
Reach 462 to 463: Celerity = 4.47 Ft/s, Dispersion = 391.67 Ft2/s, C1 = 0.953, C2 = 0.047 
Reach 460 to 463: Celerity = 4.39 Ft/s, Dispersion = 1270.6 Ft2/s, C1 = 0.884, C2 = 0.116 
463 Little Schuylkill (t) = 0.953 * Drehersville (t) + 0.047 * Drehersville (t-1) + 0.884 * 
Landingville (t) + 0.116 * Landingville (t-1) + Little Schuylkill Historical Inflow (t) 
  
462 Drehersville Inflow Equation 
Drehersville Inflow (t) = Drehersville Historical (t) - 0.784 * Tamaqua Historical (t) – 
0.216 * Tamaqua Historical (t-1) 
 
 
 
Overview of Node 462 Drehersville 
Node 462 Drehersville is based on the location and observed gauge data of USGS 
01470000 Little Schuylkill River at Drehersville, PA.  Node 462 requires an historical 
extension of the streamflow record. 
Historical Infill 
The USGS 01470000 Drehersville gauge needs historical streamflow records estimated 
for 07-01-1951 to 09-30-1963, and 10-01-1965 to 09-30-2011.  The two nearby long term 
gauges are USGS 01468500 Schuylkill River at Landingville and USGS 01469500 Little 
Schuylkill River at Tamaqua.  The gauge at Landingville is not available from 07-1-1965 
to 07-25-1973, and the Tamaqua gauge is upstream of the Drehersville gauge.  Six 
correlation analyses were performed to identify the station that will be used to estimate 
the historical Drehersville streamflow record from 07-01-1951 to 09-30-1963 and 10-01-
1965 to 09-30-2011.  The correlations were performed using data from 10-01-1947 to 06-
30-1951 and 10-01-1963 to 09-30-1965.  The correlations explored and results are below in 
Table A.9-1.  The selected relationship is presented in bold. 
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Table A.9-1 Drehersville Historical Infill Correlation Calculations 
Dependent Variable 
Y 
Independent 
Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01468500 
Drehersville 
USGS 01468500 
Landingville 0.971 0.944 70.6 -21.1 1.036 
USGS 01468500 
Drehersville 
USGS 01469500 
Tamaqua 0.967 0.935 76.2 13.6 2.807 
Log USGS 01468500 
Drehersville 
Log (USGS 01468500 
Landingville) 0.970 0.941 0.089 0.101 0.943 
Log USGS 01468500 
Drehersville 
Log USGS 01469500 
Tamaqua 0.972 0.945 0.087 0.984 0.737 
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The log Tamaqua correlation had the highest correlation coefficient for a single 
regression, 0.972.  There was no gain in performance by taking into account a one day 
time shift between Tamaqua and Drehersville.  The log Tamaqua correlation will be 
used to fill in the historical record at Drehersville.  The Tamaqua dataset used for the 
infill has been corrected to remove the interference from Still Creek Reservoir releases 
used for Limerick Generating Station cooling water, Section A.8. 
 
 
 
Table A.9-2 Final Drehersville Historical Infill Calculations 
Date Source 
10-01-1947 to 06-30-1951 USGS 01468500 Drehersville 
07-01-1951 to 09-30-1963 USGS 01468500 Drehersville = 10^(0.984 + 0.737 * Log USGS 01469500 Tamaqua) 
10-01-1963 to 09-30-1965 USGS 01468500 Drehersville 
10-01-1965 to 12-31-1998 USGS 01468500 Drehersville = 10^(0.984 + 0.737 * Log USGS 01469500 Tamaqua) 
01-01-1999 to 09-30-2011 USGS 01468500 Drehersville = 10^(0.984 + 0.737 * Log USGS 01469500 Tamaqua*) 
*Data corrected for releases from Still Creek, see Section A.8 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Drehersville is 201 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
Rating Curve 
The most recent rating curve for USGS 0147000 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
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for routing.  The most recent rating curve for USGS 01470000 is presented below in Table 
A.9-3. 
 
 
 
Table A.9-3 USGS 01470000 Channel Data Used in Routing 
Date Gauge Ht, Ft Discharge, CFS Width, Ft 
12/12/1963 4.03 178 111 
1/25/1964 7.3 3060 186 
8/12/1964 1.66 59.1 62 
5/20/1965 1.83 99.4 180 
7/30/1965 3.33 48.8 68 
10/27/1965 3.65 83 65 
12/15/1965 3.9 126 68 
 
 
 
Channel Width 
The channel width at Drehersville is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 201 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.9-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
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Figure A.9-1 Drehersville Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the two rating curve measurements closest in discharge to 201 CFS; 12-12-1963, 
12-15-1965.  The estimated channel width at the 50th percentile discharge at Drehersville 
is 89.5 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.9-2. 
320 
 
 
 
 
 
Figure A.9-2 Drehersville Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 400 
Ft2/s 
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Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Drehersville 
derived in the preceding documentation in addition to reach slope and length data are 
used in R code, provided at the end of this section, to derive the instantaneous response 
function and corresponding daily response function.  The reach characteristics used to 
calculate the instantaneous response function are presented in Table A.9-4 below.  There 
are no channel measurement data or streamflow data for the end of the Little Schuylkill 
River as it is about to meet the Schuylkill River at node 463, so Drehersville parameters 
are assumed to be the reach characteristics. 
 
 
 
Table A.9-4 Routing Drehersville to Little Schuylkill Final Parameters 
Average Reach Width 89.5 Ft 
 Drehersville = 89.5 Ft 
  
Average Reach 50th Percentile Discharge 201 CFS 
 Drehersville = 201 CFS 
  
Average Reach Discharge/Depth Relationship 400 ft2/s 
 Drehersville = 400 ft2/s 
  
Node Elevations Drehersville = 498.4 Ft 
 Little Schuylkill = 415.9 Ft 
  
Distance, Drehersville to Little Schuylkill 5.45 Miles 
  
Slope, Drehersville to Little Schuylkill 0.002867 
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Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.9-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 4.47 Ft/s 
Dispersion = 391.67 Ft2/s 
The instantaneous response function is presented below in Figure A.9-3.  Water moving 
at 50th percentile discharge conditions from Drehersville takes approximately 2-4 hours 
to fully reach node 463 Little Schuylkill. 
 
 
 
 
Figure A.9-3 462 Drehersville to 463 Little Schuylkill Instantaneous Response 
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Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.9-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.9-4. 
 
 
 
 
Figure A.9-4 Drehersville Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
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and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.953 
C2 = 0.047 
The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Drehersville to Little Schuylkill - Routing Parameter Derivation Code 
> ##Reach 462 Drehersville to 463 Little Schuylkill Confluence## 
> library(Matrix) 
> Qdre<-201 # CFS, 50th percentile flow at Drehersville assumed for reach 
> Q<-Qdre #Averaged 50th percentile flow for the reach 
> Q 
[1] 201 
> Wdre<-89.5 #ft, Drehersville channel width at 50th percentile flow assumed for reach 
> W<-Wdre 
> W 
[1] 89.5 
> S_r1<-0.002867 # Slope of reach 
> dQdydre<-400 # Drehersville 
> dQdy<-dQdydre # Drehersville dQdy assumed for reach 
> dQdy 
[1] 400 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 391.6655 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 4.469274 
> x_r1<-5.45*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
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> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Drehersville to Little Schuylkill 
Confluence####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 3th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 0.8661234 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] -0.1338766 
>  
> r1h_final<-c(r1h_inst[1:2],r1h_inst[3]-adjust,r1h_inst[4:24]) 
> r1h_final 
 [1]  2.762565e-12  8.661234e-01  1.338766e-01  3.627140e-25  4.663958e-42 
 [6]  5.518548e-60  1.682604e-78  2.208162e-97 1.656960e-116 8.424943e-136 
[11] 3.232625e-155 1.005402e-174 2.662857e-194 6.220588e-214 1.315027e-233 
[16] 2.564398e-253 4.680903e-273 8.088816e-293 1.335119e-312  0.000000e+00 
[21]  0.000000e+00  0.000000e+00  0.000000e+00  0.000000e+00 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Drehersville to Little Schuylkill Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
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>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
           [,1] 
[1,] 0.95275514 
[2,] 0.08891152 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
           [,1] 
[1,] 0.95275514 
[2,] 0.04724486 
>  
> write.table(r1h_final, file = "DrehersvilletoLSinstresp.csv", sep = ",", col.names=TRUE) 
>  
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A.10. Little Schuylkill 463 
Node Number 463 
Node Name Little Schuylkill Confluence 
Sub-Watershed Upper Schuylkill 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Confluence 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1947 to 09-30-2011 
Data Source USGS 01470500 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Limerick Generating 
Station Cooling Water Releases 
from Still Creek Reservoir and 
Wadesville 
  
Parameters to Derive Routing  
Node Elevation 415.86 Ft 
Node Elevation Data Source Google Elevation 
Upstream Node(s) 460 Landingville, 462 
Drehersville 
Distance to Upstream Node 10.9 Miles, 5.45 Miles 
Downstream Node 464 Maiden Creek 
Distance to Downstream Node 15.01 Miles 
Routing to Downstream Node  
(Direct or Convolution) 
Convolution 
25th Percentile Discharge, CFS 277 CFS 
50th Percentile Discharge, CFS 514 CFS 
75th Percentile Discharge, CFS 936 CFS 
Width at 50th Percentile Discharge, Ft 235 CFS 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
885.7 
  
Routing to 463 Little Schuylkill from 460 Landingville and 462 Drehersville  
Reach 462 to 463: Celerity = 4.47 Ft/s, Dispersion = 391.67 Ft2/s, C1 = 0.953, C2 = 0.047 
Reach 460 to 463: Celerity = 4.39 Ft/s, Dispersion = 1270.6 Ft2/s, C1 = 0.884, C2 = 0.116 
463 Little Schuylkill (t) = 0.953 * Drehersville (t) + 0.047 * Drehersville (t-1) + 0.884 * 
Landingville (t) + 0.116 * Landingville (t-1) 
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Routing from 463 Little Schuylkill to 464 Maiden Creek 
Reach 463 to 464:  Celerity = 3.885 Ft/s, Dispersion = 772.3 Ft2/s, C1 = 0.798, C2 = 
0.202 
464 Maiden Creek (t) = 0.798 * Little Schuylkill (t) + 0.202 * Little Schuylkill (t-1) 
  
463 Little Schuylkill Inflow** 
Little Schuylkill Historical Inflow (t) = Little Schuylkill Historical (t) - 0.953 * 
Drehersville (t) - 0.047 * Drehersville (t-1) - 0.884 * Landingville (t) - 0.116 * Landingville 
(t-1) 
**See interference correction description 
 
 
 
Overview of Node 463 Little Schuylkill 
Node 463 Little Schuylkill is based on the observed data, not the location, of USGS 
01470500 Schuylkill River at Berne, PA.  The location of node 463 Little Schuylkill is 
located at the confluence of the Little Schuylkill River and the Schuylkill River, 6.25 
miles upstream of the USGS 01470500 Berne gauge location.  The location of the node 
and the gauge do not correspond because a decision was made to place a node at the 
confluence of the two rivers and then route water downstream to the next large 
confluence of the Schuylkill River and Maiden Creek.  The Berne USGS gauge is in 
between these two large confluence locations, so an assumption was made to use the 
Berne channel characteristics as the characteristics of the Little Schuylkill River 
confluence, and apply the observed Berne data to that location in order to calculate the 
inflow to node 463 Little Schuylkill.  A node could have been placed at the Little 
Schuylkill confluence and the USGS Berne location, however there is not available 
channel data at the confluence and Berne data would have been estimated for there, 
essentially routing a Berne-Berne reach of 6 miles.  This extra discretization of the 
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Schuylkill River would not provide a desired location for performance metrics or a 
demand location, so the possible node at Berne was omitted. 
The USGS Berne gauge is influenced by the pumping and releases of water from 
Wadesville Mine Pool and Still Creek Reservoir for cooling water to Limerick 
Generating Station.  The observed data at USGS Berne is used to estimate the inflow to 
node 463 Little Schuylkill.  The two upstream USGS gauges that correspond to model 
nodes 460 Landingville and 461 Tamaqua, 01468500 Landingville and 01469500 
Tamaqua, are also influenced by cooling water releases as described in Sections A.7 and 
A.8.  When all streamflow gauges that are required to estimate the inflow between 
gauges are under the same endogenous variable influence, the influence does not need 
to be removed to estimate the inflow.  This is because the endogenous variable is not 
entering between the gauges, only the inflow is.  Had just the downstream or just the 
upstream gauges been influenced by cooling water releases, a correction would have to 
be made to ensure that both gauges are equally free from influence or both are under the 
influence of the endogenous variable.  It is this reasoning that leads to a different 
treatment here of the cooling water releases from Wadesville and Still Creek, as opposed 
to how they are handled in the corrections made to nodes 459 Pottsville, 460 
Landingville, and 461 Tamaqua. 
Interference Correction – Wadesville and Still Creek Pumping 
The nodes upstream of 463 Little Schuylkill are influenced by the pumping of water 
from Wadesville mine and releases from Still Creek reservoir for cooling water supply to 
Limerick Generating Station.  Sections A.8 and A.6 describe how the interferences from 
Wadesville and Still Creek are removed from the historical records used at the 461 
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Tamaqua and459 Pottsville origination nodes.  Additionally, Sections A.7 and A.9 
describe how those records are then used to calculate the inflow for the 460 Landingville 
and 462 Drehersville segment nodes.  For 463 Little Schuylkill, which is based on data 
recorded 6.25 miles downstream at Berne, the interference of these water sources must 
be removed from the inflow generated for this model node. 
In order to remove the interference of Wadesville and Still Creek on the inflow to 463 
Little Schuylkill generated from the Berne historical record, the Tamaqua and 
Landingville USGS historical record will not be adjusted for pumping or releases in this 
calculation.  The interference from Wadesville and Still Creek are ultimately present in 
the Berne USGS historical record, and in order to calculate the inflow between these 
points, all nodes used in the calculation must either be impacted or not. 
This approach is different than what was done in the Perkiomen sub-watershed to 
remove the influence of pumping from Bradshaw Reservoir.  In the Perkiomen sub-
watershed, the available gauge data did not span the full historical period used by the 
model and data had to be generated.  In order to generate data and explore correlation 
with nearby gauges, an interference-free data set was required.  The case here with node 
463 Little Schuylkill is different, because the streamflow records do not need to be 
estimated during the period of interference from Wadesville and Still Creek. 
There are 2 steps that must be taken to calculate the inflow to 463 Little Schuylkill that 
differ from the historical infill calculations described for 460 Landingville and 462 
Drehersville. 
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1. In Table A.7-2 the final line of the table that subtracts Wadesville pumping from 
the Landingville USGS data is omitted.  For Landingville data from 07-01-2003 to 
09-30-2011, the observed Landingville streamflow data will be used with no 
Wadesville correction. 
2. In Table A.9-2 the final line of the table that subtracts Still Creek from Tamaqua 
USGS observed data in the correlation is omitted.  For Drehersville data from 01-
01-1999 to 09-30-2011, the observed Tamaqua USGS streamflow data will be used 
in the correlation to estimate Drehersville historical streamflow. 
Historical Infill 
There are no historical infill calculations that are required for 463 Little Schuylkill.  This 
node will use Berne USGS 01470500 as the base dataset from which to calculate the 
inflow to 463 Schuylkill.  Berne USGS 01470500 has a complete historical record from 10-
01-1947 to 09-30-2011. 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011 as measured at Berne USGS 01470500 because there is no gauging station at the 
confluence of the Little Schuylkill and Schuylkill River.  The 50th percentile discharge 
assumed for Little Schuylkill from Berne data is 514 CFS, and is used as the linearizing 
flow which all routing parameters are based from. 
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Rating Curve 
The two most recent rating curves, 16 and 17, for Berne USGS 01470500 are used for the 
estimation of channel width at the 50th percentile and the discharge/depth slope at the 
50th percentile required for routing.  The most recent rating curve, 17, does not contain 
discharge values low enough to establish the discharge/depth slope from the 25th-75th 
percentiles, so the previous rating curve with more low discharge measurements is also 
used.  The most recent rating curves for USGS 01470500 are presented below in Table 
A.10-1. 
 
 
 
Table A.10-1 USGS 01470500 Channel Data Used in Routing 
Date Gauge Ht, Ft Discharge, CFS Rating Number Width, Ft 
3/2/2010 5.36 529 16 235 
4/8/2010 5.8 935 16 234 
5/27/2010 5.11 359 16 233 
6/17/2010 4.98 239 16 228 
7/12/2010 4.83 170 16 225 
9/14/2010 4.77 117 16 172 
10/1/2010 8.94 5590 16 195 
11/12/2010 5.18 340 16 172 
1/3/2011 5.17 378 16 187 
2/23/2011 5.52 692 16 191 
3/11/2011 13.09 15400 17 215 
4/14/2011 6.68 1970 17 192 
5/26/2011 6.38 1600 17 192 
7/13/2011 4.93 234 17 180 
8/30/2011 6.52 1750 17 193 
10/18/2011 5.91 1050 17 194 
 
 
 
Channel Width 
The channel width at Little Schuylkill is required for convolution routing, specifically 
while conditions are at the 50th percentile discharge of 514 CFS.  The width at those 
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conditions must be estimated due to data availability and data noise.  As presented 
below in Figure A.10-1, a relationship between discharge and channel width is not easily 
discernible and estimation is required. 
 
 
 
 
Figure A.10-1 Little Schuylkill Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the three rating curve measurements between the 45th and 55th percentiles (456 – 
576 CFS).  The estimated channel width at the 50th percentile discharge is 235 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
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estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.10-2. 
 
 
 
 
Figure A.10-2 Little Schuylkill Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 885.7 
Ft2/s. 
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Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Berne 
derived in the preceding documentation are averaged with the corresponding 
downstream node 464 Maiden Creek characteristics.  Node 464 Maiden Creek is based 
on the channel characteristics derived from USGS 01471510 Schuylkill River at Reading, 
PA (Section A.12).  The averaged reach characteristics in addition to reach slope and 
length data are used in R code, provided at the end of this section, to derive the 
instantaneous response function and corresponding daily response function.  The reach 
characteristics used to calculate the instantaneous response function are presented in 
Table A.10-2 below. 
 
 
 
Table A.10-2 Routing Little Schuylkill to Maiden Creek Final Parameters 
Average Reach Width 256.5 Ft 
 Little Schuylkill = 235 Ft 
 Maiden Creek = 278.1 Ft 
  
Average Reach 50th Percentile Discharge 871 CFS 
 Little Schuylkill = 514 CFS 
 Maiden Creek = 1228 CFS 
  
Average Reach Discharge/Depth Relationship 996.7 
 Little Schuylkill = 885.7 
 Maiden Creek = 1107.7 
  
Node Elevations Little Schuylkill = 415.86 Ft 
 Maiden Creek = 241.65 Ft 
  
Distance, Little Schuylkill to Maiden Creek 15.01 Miles 
  
Slope, Little Schuylkill to Maiden Creek 0.002198 
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Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.10-2 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 3.885 Ft/s 
Dispersion = 772.3 Ft2/s 
The instantaneous response function is presented below in Figure A.10-3.  Water moving 
at 50th percentile discharge conditions from Little Schuylkill takes approximately 5-7 
hours to fully reach Maiden Creek. 
 
 
 
 
Figure A.10-3 463 Little Schuylkill to 464 Maiden Creek Instantaneous Response 
 
Unit Response – Daily Routing Results 
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In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.10-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.10-4. 
 
 
 
 
Figure A.10-4 Little Schuylkill Unit Response Function Following Convolution with a 1-Day 
Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
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the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.798 
C2 = 0.202 
The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Little Schuylkill to Maiden Creek - Routing Parameter Derivation Code 
> ##Reach 463 Little Schuylkill Confluence to 464 Maiden Creek## 
> library(Matrix) 
> QLS<-514 # CFS, 50th percentile flow at Berne assumed for reach 
> QM<-1228 # CFS, 50th percentile flow at Reading assumed for reach 
> Q<-(QLS+QM)/2 #Averaged 50th percentile flow 
> Q 
[1] 871 
> WLS<-235 #ft, Berne channel width at 50th percentile flow assumed for reach 
> WM<-278.1 #ft, Reading channel width at 50th percentile flow assumed for reach 
> W<-(WLS+WM)/2 #Averaged 50th percentile flow 
> W 
[1] 256.55 
> S_r1<-0.002198 # Slope of reach 
> dQdyLS<-885.7 # Berne  
> dQdyM<-1107.7 # Reading 
> dQdy<-(dQdyLS+dQdyM)/2 # Averaged 50th percentile dQdy 
> dQdy 
[1] 996.7 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 772.3043 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 3.885013 
> x_r1<-15.01*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
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> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Little Schuylkill Confluence to Maiden 
Creek####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 7th ordinate## 
> sum(r1h_inst[1:6]) 
[1] 0.9100493 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] -0.08163851 
>  
> r1h_final<-c(r1h_inst[1:6],r1h_inst[7]-adjust,r1h_inst[8:24]) 
> r1h_final 
 [1] 6.019282e-166  2.134827e-51  2.025360e-18  8.324324e-06  2.513218e-01 
 [6]  6.587191e-01  8.994696e-02  3.747741e-06  1.840536e-10  1.918128e-15 
[11]  6.483991e-21  9.431410e-27  7.177548e-33  3.285686e-39  1.002111e-45 
[16]  2.198402e-52  3.678007e-59  4.911113e-66  5.424820e-73  5.101271e-80 
[21]  4.179539e-87  3.040648e-94 1.995195e-101 1.196305e-108 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Little Schuylkill to Maiden Creek Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
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> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.7983910 
[2,] 0.2432757 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
         [,1] 
[1,] 0.798391 
[2,] 0.201609 
>  
> write.table(r1h_inst, file = "LStoMaideninstresp.csv", sep = ",", col.names=TRUE) 
>  
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A.11.  Maiden Creek Confluence 464 
Node Number 464 
Node Name Maiden Creek Confluence 
Sub-Watershed Middle Schuylkill River 3 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
River - Confluence 
Inflow (Yes, No, OCL) No 
  
Historical Data Availability  
Data Available No 
Data Source No 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 241.65 Ft 
Node Elevation Data Source Google Elevation Service 
Upstream Node(s) 463 Little Schuylkill 
Distance to Upstream Node 15.01 Miles 
Downstream Node 465 Reading 
Distance to Downstream Node 10.56 Miles 
Routing to Downstream Node  
(Direct or Convolution) 
Convolution 
25th Percentile Discharge, CFS 633 CFS 
50th Percentile Discharge, CFS 1228 CFS 
75th Percentile Discharge, CFS 2153 CFS 
Width at 50th Percentile Discharge, Ft 278.1 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
1107.7 
  
Routing to 464 Maiden Creek from 463 Little Schuylkill 
Reach 463 to 464:  Celerity = 3.885 Ft/s, Dispersion = 772.3 Ft2/s, C1 = 0.798, C2 = 
0.202 
464 Maiden Creek (t) = 0.798 * Little Schuylkill (t) + 0.202 * Little Schuylkill (t-1) 
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Routing from 464 Maiden Creek and 457 Tulpehocken to 465 Reading 
Reach 464 to 465: Celerity = 3.983 Ft/s, Dispersion = 2192.5 Ft2/s, C1 = 0.878, C2 = 
0.122 
Reach 457 to 465: Direct Routing 
465 Reading (t) = 0.878 * Maiden Creek (t) + 0.122 * Maiden Creek (t-1) + Tulpehocken (t) 
+ Reading Historical Inflow (t) 
  
464 Maiden Creek Inflow 
N/A 
 
 
 
Overview of Node 464 Maiden Creek 
Node 464 Maiden Creek is located at the confluence of the Schuylkill River and Maiden 
Creek.  There is no USGS gauge at this location, so there is no inflow estimated for this 
node and the channel characteristics used to route water to this node are derived from 
the next nearest downstream gauge, USGS 01471500 Schuylkill River at Reading, PA. 
Historical Infill 
There will be no inflow estimated for 464 Maiden Creek, and therefore no historical infill 
is required. 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for 464 Maiden Creek is 1228 CFS, and is used as the 
linearizing flow which all routing parameters are based from.  Discharge characteristics 
of Reading, as measured by USGS 01471510 are assumed for 464 Maiden Creek. 
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Rating Curve 
The most recent rating curve for USGS 01471510 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01471510 is presented below in Table 
A.11-1. 
 
 
 
Table A.11-1 USGS 01471510 Channel Data Used in Routing 
Date Gauge Ht, Ft Discharge, CFS Rating Number Width, Ft 
10/20/1996 10.24 14700 12 334 
12/18/1996 5.85 4980 12 307 
2/7/1997 4.95 3360 12 289 
4/3/1997 4.56 2570 12 285 
6/10/1997 3.38 1320 12 276 
7/24/1997 3.26 1120 12 268 
9/5/1997 2.58 440 12 200 
10/3/1997 2.57 405 12 206 
12/18/1997 2.71 506 12 220 
1/29/1998 4.42 2555 12 298 
3/12/1998 5.65 4450 12 300 
4/28/1998 4.63 2860 12 292 
6/9/1998 2.99 840 12 271 
8/5/1998 2.46 409 12 188 
9/11/1998 2.88 681 12 213 
10/22/1998 2.66 475 12 190 
12/10/1998 2.55 336 12 183 
2/2/1999 4.66 3080 12 301 
3/30/1999 3.66 1710 12 292 
6/2/1999 2.64 457 12 188 
6/29/1999 2.52 347 12 190 
7/28/1999 2.4 277 12 161 
9/17/1999 11.68 16900 12 327 
10/21/1999 3.17 1110 12 276 
12/8/1999 3.3 1150 12 268 
3/28/2000 6.92 6710 12 304 
6/30/2000 4.2 2150 12 285 
8/15/2000 2.98 821 12 249 
10/4/2000 2.78 608 12 220 
11/15/2000 2.81 620 12 230 
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Date Gauge Ht, Ft Discharge, CFS Rating Number Width, Ft 
1/4/2001 3.01 793 12 248 
2/14/2001 3.94 1770 12 280 
3/28/2001 3.75 1570 12 280 
9/6/2001 2.52 355 12 186 
10/24/2001 2.48 313 12 182 
12/5/2001 2.57 396 12 192 
3/13/2002 2.88 817 12 128 
5/1/2002 4.52 2510 12 305 
6/5/2002 2.86 632 12 212 
7/31/2002 2.39 256 12 175 
9/18/2002 2.45 307 12 180 
10/9/2002 2.55 398 12 200 
12/4/2002 3.1 953 12 300 
2/5/2003 3.71 1620 12 313 
3/19/2003 5.94 5180 12 318 
4/30/2003 3.6 1540 12 314 
6/18/2003 4.3 2440 12 319 
7/30/2003 3.53 1440 12 311 
9/10/2003 2.9 693 12 222 
9/24/2003 7.44 8050 12 334 
10/22/2003 3.43 1290 12 309 
12/18/2003 5.97 5210 12 332 
2/19/2004 3.25 1200 12 310 
3/31/2004 3.43 1450 12 281 
5/19/2004 3.38 1430 12 289 
6/30/2004 2.96 887 12 255 
8/25/2004 4.28 2510 12 265 
10/20/2004 4.27 2200 12 292 
11/30/2004 6.88 6560 12 307 
1/13/2005 5.27 3760 12 308 
3/15/2005 3.72 1610 12 282 
10/4/2005 2.63 450 12 192 
11/18/2005 3.4 1290 12 310 
3/13/2006 3.28 1090 12 272 
4/17/2006 2.84 696 12 237 
6/28/2006 23.05 53800 12 790 
8/23/2006 2.58 411 12 211 
10/18/2006 4.05 2110 12 280 
12/14/2006 3.46 1360 12 299 
2/12/2007 2.87 720 12 238 
4/4/2007 3.97 2050 12 269 
5/16/2007 3.13 1030 12 239 
6/26/2007 2.71 589 12 230 
8/2/2007 2.54 386 12 202 
9/13/2007 2.65 544 12 229 
9/13/2007 2.64 537 12 228 
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Date Gauge Ht, Ft Discharge, CFS Rating Number Width, Ft 
10/17/2007 2.56 459 12 222 
11/28/2007 4.48 2820 12 284 
1/24/2008 3.28 1180 12 268 
3/18/2008 4.14 2290 12 278 
5/1/2008 3.46 1360 12 237 
6/9/2008 2.89 715 12 223 
7/28/2008 2.56 444 12 214 
9/17/2008 2.48 362 12 210 
11/3/2008 2.83 716 12 221 
12/9/2008 2.8 678 12 226 
1/27/2009 2.91 790 12 222 
3/18/2009 2.9 775 12 221 
5/13/2009 3.64 1770 12 272 
7/16/2009 3.21 1180 12 269 
9/15/2009 3.24 1160 12 257 
11/17/2009 3.13 1050 12 298 
12/30/2009 4.66 2810 12 288 
3/4/2010 4.14 2200 12 274 
4/1/2010 6.34 5800 12 313 
5/19/2010 3.44 1350 12 275 
7/7/2010 2.56 367 12 216 
9/9/2010 2.71 503 12 220 
10/1/2010 10.56 14900 12 326 
11/15/2010 2.99 733 12 332 
1/12/2011 2.82 627 12 219 
3/2/2011 4.76 3090 12 329 
4/15/2011 5.28 3870 12 335 
6/3/2011 3.62 1450 12 340 
7/20/2011 2.63 448 12 236 
8/30/2011 5.64 4820 12 342 
9/8/2011 15.94 28300 12 424 
 
 
 
Channel Width 
The channel width at 464 Maiden Creek is required for convolution routing, specifically 
while conditions are at the 50th percentile discharge of 1228 CFS.  The width at those 
conditions must be estimated due to data availability and data noise.  As presented 
below in Figure A.11-1, a relationship between discharge and channel width is not easily 
discernible and estimation is required.  
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Figure A.11-1 464 Maiden Creek Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the three rating curve measurements between the 45th and 55th percentiles (1090 
– 1365 CFS).  The estimated channel width at the 50th percentile discharge is 278.1 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.11-2. 
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Figure A.11-2 464 Maiden Creek Estimate of 50th Percentile Discharge/Depth Slope from 
Rating Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 1122.8 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for 464 Maiden 
Creek are derived from Reading characteristics, in addition to reach slope and length 
data are used in R code, provided at the end of this section, to derive the instantaneous 
response function and corresponding daily response function.  The reach characteristics 
used to calculate the instantaneous response function are presented in Table A.11-2. 
Table A.11-2 Routing Maiden Creek to Reading Final Parameters 
Reading Rating Curve
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0
1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
0 5 10 15 20 25
Rating Curve Depth, Ft
D
is
ch
ar
ge
, C
FS
Rating Curve, All Values
Rating Curve, 25th-75th Percentile Discharge
348 
 
Average Reach Width 278.1 Ft 
  
Average Reach 50th Percentile Discharge 1228 CFS 
  
Average Reach Discharge/Depth Relationship 1107.7 
  
Node Elevations Maiden Creek = 241.65 Ft 
 Reading = 185.5 Ft 
  
Distance, Maiden Creek to Reading 10.56 Miles 
  
Slope, Maiden Creek to Reading 0.001007 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.11-2 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 3.983 Ft/s 
Dispersion = 2192.5 Ft2/s 
The instantaneous response function is presented below in Figure A.11-3.  Water moving 
at 50th percentile discharge conditions from Maiden Creek takes approximately 3-6 
hours to fully reach Reading. 
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Figure A.11-3 464 Maiden Creek to 465 Reading Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.11-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.11-4. 
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Figure A.11-4 Maiden Creek Unit Response Function Following Convolution with a 1-Day 
Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.878 
C2 = 0.122 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Maiden Creek to Reading - Routing Parameter Derivation Code 
>  
> ##Reach 464 Maiden Ck Confluence to 465 Reading## 
> library(Matrix) 
> dQdy<-1107.7 # Reading dQdy 
> dQdy 
[1] 1107.7 
> W<-278.1 # Reading W 
> W 
[1] 278.1 
> C<-dQdy/W # Celerity Ft/s averaged over channel 
> C 
[1] 3.9831 
> S<-0.001007 # Slope of reach 
> Q<-1228 # Reading 50th percentile flow 
> Q 
[1] 1228 
> K<-(Q/W)/(2*S) #K Dispersion Coefficient Ft2/s 
> K 
[1] 2192.491 
> x<-10.56*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> enum_r2<-matrix(0,nrow=h,ncol=1) 
> edenom_r2<-matrix(0,nrow=h,ncol=1) 
> hi_r2<-matrix(0,nrow=h,ncol=1) 
> tt_r2<-matrix(1,nrow=h,ncol=1) 
>  
>  
> ##########Instantaneous Unit Response Reach 1####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r2[i]=t*i 
+ enum_r2 = -1*((C*tt_r2[i]-x)^2) 
+ edenom_r2 = 4*K*tt_r2[i] 
+ hi_r2[i] =(1/sqrt(4*3.14*K))*(x/tt_r2[i]^(3/2))*exp(enum_r2/edenom_r2) 
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+ } 
>  
> r2h_inst=hi_r2*86400/h 
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 5th ordinate## 
> sum(r2h_inst[1:7]) 
[1] 0.9834492 
> adjust<-sum(r2h_inst)-1 
> adjust 
[1] -0.01655054 
>  
> r2h_final<-c(r2h_inst[1:4],r2h_inst[5]-adjust,r2h_inst[6:24]) 
> r2h_final 
 [1] 1.416772e-23 1.792586e-05 1.942494e-01 6.859477e-01 1.167337e-01 3.014089e-03 
 [7] 3.703324e-05 2.611628e-07 1.275825e-09 4.830302e-12 1.521642e-14 4.180832e-17 
[13] 1.034930e-19 2.361914e-22 5.053827e-25 1.026653e-27 1.999004e-30 3.758311e-33 
[19] 6.862380e-36 1.222531e-38 2.132837e-41 3.654921e-44 6.167324e-47 1.026846e-49 
> sum(r2h_final) 
[1] 1 
>  
> plot(ti,r2h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> write.table(r2h_final, file = "MaidentoReadinginstresp.csv", sep = ",", 
col.names=TRUE) 
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
> #Put instantaneous unit response into matrix#### 
> j<-length(r2h_final) 
> r2h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r2h_band<- list(rep(r2h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r2h_band[i]<- list(rep(r2h_final[i],n+1)) 
+ r2h_band 
+ } 
> r2h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r2h_band), symm=FALSE) 
> #r2h_matr 
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r2h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
>  
> #The unit response must be averaged for one day# 
> discreteunit3<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit3 
          [,1] 
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[1,] 0.8779755 
[2,] 0.1636912 
> sum(discreteunit3) 
[1] 1.041667 
> discreteunit4<-matrix(c(discreteunit3[1],(1-discreteunit3[1])),nrow=2,ncol=1) 
> discreteunit4 
          [,1] 
[1,] 0.8779755 
[2,] 0.1220245 
>  
> 
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A.12. Section C.12 Reading 465 
Node Number 465 
Node Name Reading 
Sub-Watershed Middle Schuylkill 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Confluence 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 07-01-1977 to 09-30-2011 
Data Source USGS 01471510 Schuylkill River 
at Reading, PA 
Historical Infill Required 10-01-1947 to 06-30-1977 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Blue Marsh Reservoir 
historical releases 
  
Parameters to Derive Routing  
Node Elevation 185.5 Ft 
Node Elevation Data Source USGS 01471510 
Upstream Node(s) 457 Tulpehocken, 464 Maiden 
Creek 
Distance to Upstream Node N/A, 10.56 Miles 
Downstream Node 468 Pottstown 
Distance to Downstream Node 21.3 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 633 CFS 
50th Percentile Discharge, CFS 1228 CFS 
75th Percentile Discharge, CFS 2153 CFS 
Width at 50th Percentile Discharge, Ft 278.1 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
1107.7 
  
Routing to 465 Reading from 464 Maiden Creek and 457 Tulpehocken  
Reach 464 to 465: Celerity = 3.983 Ft/s, Dispersion = 2192.5 Ft2/s, C1 = 0.878, C2 = 
0.122 
Reach 457 to 465: Instantaneous Routing 
465 Reading (t) = 0.878 * Maiden Creek (t) + 0.122 * Maiden Creek (t-1) + Tulpehocken (t) 
+ Reading Historical Inflow (t) 
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Routing from 465 Reading and 467 Manatawny to 468 Pottstown 
Reach 465 to 468: Celerity = 3.867 Ft/s, Dispersion = 3950.9 Ft2/s, C1 = 0.705, C2 = 
0.295 
Reach 467 to 468: Instantaneous Routing 
468 Pottstown (t) = 0.705 * Reading (t) + 0.295 * Reading (t-1) +Manatawny (t) + 
Pottstown Historical Inflow (t) 
 
465 Reading Inflow 
465 Reading Historical Inflow = (Reading Historical Streamflow (t) – Tulpehocken (t)) 
– 0.878 * Maiden Creek (t) – 0.122 * Maiden Creek (t-1) 
 
 
 
Overview of Node 465 Reading 
Node 465 Reading is based on USGS 01471510 Schuylkill River at Reading, located on 
the Schuylkill River less than one mile downstream of the Tulpehocken Creek 
Confluence.  Blue Marsh Reservoir is located on Tulpehocken Creek, and the discharge 
at Reading is influenced by the operations of the dam.  Node 465 requires an historical 
extension of the streamflow record and the removal of historical Blue Marsh Reservoir 
operations from the inflow dataset estimated from the historical USGS Reading 
streamflow record. 
Interference Correction – Blue Marsh Reservoir Historical Releases 
The interference of Blue Marsh Reservoir operations on the historical streamflow record 
at USGS 01471510 Reading must be removed from the inflow dataset for Node 465.  
There are two gauges in close proximity that will be used to remove the interference of 
Blue Marsh dam operations on the discharge at Reading; USGS 01471510 at Reading, 
and USGS 01471000 on the Tulpehocken Creek near Reading.  A subtraction of the 
Tulpehocken tributary discharge from the Schuylkill River at Reading discharge (USGS 
356 
 
01471510 minus USGS 0147100) results in the discharge contributed to Reading from 
areas measured by USGS 01470500 Berne and un-gauged areas below Berne and 
upstream of Reading.  The model node based on Berne historical streamflow and 
channel characteristics is 463 Little Schuylkill.  Discharge is routed from 463 Little 
Schuylkill to 464 Maiden Creek, then to 465 Reading.  Node 464 Maiden Creek is not 
based off a streamflow gauge location so there is no inflow to that node, which requires 
the calculation of 465 Reading inflow to include the routing from 463 to 464 to 465. 
465 Reading Inflow Equation in Node Notation: 
465 Reading Historical Inflow = (USGS 01471510 Reading (t) – USGS 01471000 
Tulpehocken (t)) – [0.878 * (0.798 * USGS 01470500 (t) – 0.202 * USGS 01470500 (t-1))] 
– [0.122 * (0.798 * USGS 01470500 (t-1) – 0.202 * USGS 01470500 (t-2))] 
465 Reading Inflow Equation in USGS Gauge Number Notation: 
465 Reading Historical Inflow = (Reading Historical Streamflow (t) – Tulpehocken (t)) – 
(0.878 * Maiden Creek (t)) – (0.122 * Maiden Creek (t-1)) 
Historical Infill 
Node 465 Reading is based on USGS 01471510 Schuylkill at Reading.  Data from USGS 
01471510 is available from 07-01-1977 to 09-30-2011.  Historical infill is needed from 10-
01-1947 to 06-30-1977.  Correlations between USGS 01470500 Berne and USGS 01472000 
Pottstown to Reading are presented in Table A.12-1 below.  The dates used in both 
correlations include 07-01-1977 to 09-30-2011.  The selected relationship is presented in 
bold.
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Table A.12-1 Reading Historical Infill Correlation Calculations 
Dependent Variable Y Independent Variable X Pearson’s r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01471510 Reading USGS 01472000 Pottstown 0.978 0.957 388.42 27.34 0.8 
Log USGS 01471510 Reading Log USGS 01472000 Pottstown 0.986 0.973 0.058 -0.162 1.021 
(USGS 01471510 Reading – 
USGS 01471000 Tulpehocken) USGS 01470500 Berne 0.957 0.916 458.1 205.3 1.49 
Log (USGS 01471510 Reading 
– USGS 01471000 
Tulpehocken) 
Log USGS 01470500 Berne 0.971 0.942 0.089 0.349 0.966 
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Two different approaches to performing the correlations are required due to the 
interference of Blue Marsh Reservoir operations on the historical streamflow record.  As 
long as both gauges in the correlation are either influenced by the reservoir or not 
influenced by the reservoir, the correlation may proceed.  If one gauge is under the 
influence of reservoir releases and the other is not, the correlation would capture 
anthropogenic influences in addition to natural hydrology. 
Pottstown is downstream of Reading and is influenced by Blue Marsh Reservoir 
operations similar to Reading.  Berne is upstream of Reading, and not influenced by 
Blue Marsh Reservoir.  In order to do a correlation between Berne and Reading, the 
influence of Blue Marsh Reservoir operations must be removed from the Reading 
streamflow record.  The Tulpehocken Creek is subtracted from the Reading streamflow 
record prior to correlation with Berne in order to remove the interference of Blue Marsh 
Reservoir from the Reading streamflow record. 
The final historical infill equations are presented below in Table A.12-2. 
 
 
 
Table A.12-2 Final Reading Historical Infill Calculations 
Date Source 
10-01-1947 to 06-30-1977 Log USGS 01471510 Reading  = Log USGS 01472000 
Pottstown*1.021 – 0.162 
07-01-1977 to 09-30-2011 USGS 01471510 Reading 
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Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Reading is 1228 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
The data used to calculate the Reading flow duration is based on actual streamflow data 
as measured at the gauge.  There are no corrections made for releases from Blue Marsh 
Reservoir.  Releases from the reservoir have historically been made during drought 
conditions when streamflow is less than the 50th percentile. 
Rating Curve 
The most recent rating curve for USGS 01471510 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01471510 is presented below in Table 
A.12-3. 
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Table A.12-3 USGS 01471510 Channel Data Used in Routing 
Date Gauge Ht, Ft Discharge, CFS Rating Number Width, Ft 
10/20/1996 10.24 14700 12 334 
12/18/1996 5.85 4980 12 307 
2/7/1997 4.95 3360 12 289 
4/3/1997 4.56 2570 12 285 
6/10/1997 3.38 1320 12 276 
7/24/1997 3.26 1120 12 268 
9/5/1997 2.58 440 12 200 
10/3/1997 2.57 405 12 206 
12/18/1997 2.71 506 12 220 
1/29/1998 4.42 2555 12 298 
3/12/1998 5.65 4450 12 300 
4/28/1998 4.63 2860 12 292 
6/9/1998 2.99 840 12 271 
8/5/1998 2.46 409 12 188 
9/11/1998 2.88 681 12 213 
10/22/1998 2.66 475 12 190 
12/10/1998 2.55 336 12 183 
2/2/1999 4.66 3080 12 301 
3/30/1999 3.66 1710 12 292 
6/2/1999 2.64 457 12 188 
6/29/1999 2.52 347 12 190 
7/28/1999 2.4 277 12 161 
9/17/1999 11.68 16900 12 327 
10/21/1999 3.17 1110 12 276 
12/8/1999 3.3 1150 12 268 
3/28/2000 6.92 6710 12 304 
6/30/2000 4.2 2150 12 285 
8/15/2000 2.98 821 12 249 
10/4/2000 2.78 608 12 220 
11/15/2000 2.81 620 12 230 
1/4/2001 3.01 793 12 248 
2/14/2001 3.94 1770 12 280 
3/28/2001 3.75 1570 12 280 
9/6/2001 2.52 355 12 186 
10/24/2001 2.48 313 12 182 
12/5/2001 2.57 396 12 192 
3/13/2002 2.88 817 12 128 
5/1/2002 4.52 2510 12 305 
6/5/2002 2.86 632 12 212 
7/31/2002 2.39 256 12 175 
9/18/2002 2.45 307 12 180 
10/9/2002 2.55 398 12 200 
12/4/2002 3.1 953 12 300 
2/5/2003 3.71 1620 12 313 
3/19/2003 5.94 5180 12 318 
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Date Gauge Ht, Ft Discharge, CFS Rating Number Width, Ft 
4/30/2003 3.6 1540 12 314 
6/18/2003 4.3 2440 12 319 
7/30/2003 3.53 1440 12 311 
9/10/2003 2.9 693 12 222 
9/24/2003 7.44 8050 12 334 
10/22/2003 3.43 1290 12 309 
12/18/2003 5.97 5210 12 332 
2/19/2004 3.25 1200 12 310 
3/31/2004 3.43 1450 12 281 
5/19/2004 3.38 1430 12 289 
6/30/2004 2.96 887 12 255 
8/25/2004 4.28 2510 12 265 
10/20/2004 4.27 2200 12 292 
11/30/2004 6.88 6560 12 307 
1/13/2005 5.27 3760 12 308 
3/15/2005 3.72 1610 12 282 
10/4/2005 2.63 450 12 192 
11/18/2005 3.4 1290 12 310 
3/13/2006 3.28 1090 12 272 
4/17/2006 2.84 696 12 237 
6/28/2006 23.05 53800 12 790 
8/23/2006 2.58 411 12 211 
10/18/2006 4.05 2110 12 280 
12/14/2006 3.46 1360 12 299 
2/12/2007 2.87 720 12 238 
4/4/2007 3.97 2050 12 269 
5/16/2007 3.13 1030 12 239 
6/26/2007 2.71 589 12 230 
8/2/2007 2.54 386 12 202 
9/13/2007 2.64 537 12 228 
9/13/2007 2.65 544 12 229 
10/17/2007 2.56 459 12 222 
11/28/2007 4.48 2820 12 284 
1/24/2008 3.28 1180 12 268 
3/18/2008 4.14 2290 12 278 
5/1/2008 3.46 1360 12 237 
6/9/2008 2.89 715 12 223 
7/28/2008 2.56 444 12 214 
9/17/2008 2.48 362 12 210 
11/3/2008 2.83 716 12 221 
12/9/2008 2.8 678 12 226 
1/27/2009 2.91 790 12 222 
3/18/2009 2.9 775 12 221 
5/13/2009 3.64 1770 12 272 
7/16/2009 3.21 1180 12 269 
9/15/2009 3.24 1160 12 257 
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Date Gauge Ht, Ft Discharge, CFS Rating Number Width, Ft 
11/17/2009 3.13 1050 12 298 
12/30/2009 4.66 2810 12 288 
3/4/2010 4.14 2200 12 274 
4/1/2010 6.34 5800 12 313 
5/19/2010 3.44 1350 12 275 
7/7/2010 2.56 367 12 216 
9/9/2010 2.71 503 12 220 
10/1/2010 10.56 14900 12 326 
11/15/2010 2.99 733 12 332 
1/12/2011 2.82 627 12 219 
3/2/2011 4.76 3090 12 329 
4/15/2011 5.28 3870 12 335 
6/3/2011 3.62 1450 12 340 
7/20/2011 2.63 448 12 236 
8/30/2011 5.64 4820 12 342 
9/8/2011 15.94 28300 12 424 
 
 
 
Channel Width 
The channel width at Reading is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 1228 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.12-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
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Figure A.12-1 Reading Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (1090 – 
1365 CFS).  The estimated channel width at the 50th percentile discharge is 278.1 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.12-2. 
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Figure A.12-2 Reading Estimate of 50th Percentile Discharge/Depth Slope from Rating Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 1107.7 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Reading 
derived in the preceding documentation are averaged with the corresponding 
downstream node characteristics at Pottstown.  The averaged reach characteristics in 
addition to reach slope and length data are used in R code, provided at the end of this 
section, to derive the instantaneous response function and corresponding daily response 
function.  The reach characteristics used to calculate the instantaneous response function 
are presented in Table A.12-4 below. 
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Table A.12-4 Routing Reading to Pottstown Final Parameters 
Average Reach Width Ft 
 Reading = 278.1 Ft 
 Pottstown = 301.6 Ft 
  
Average Reach 50th Percentile Discharge CFS 
 Reading = 1228 CFS 
 Pottstown = 1525 CFS 
  
Average Reach Discharge/Depth Relationship  
 Reading = 1107.7 
 Pottstown = 1134.3 
  
Node Elevations Reading = 185.5 Ft 
 Pottstown = 117.86 Ft 
  
Distance, Reading to Pottstown 21.3 Miles 
  
Slope, Reading to Pottstown 0.000601 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.12-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 3.867 Ft/s 
Dispersion = 3950.2 Ft2/s 
The instantaneous response function is presented below in Figure A.12-3.  Water moving 
at 50th percentile discharge conditions from Reading takes approximately 6-10 hours to 
fully reach Pottstown. 
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Figure A.12-3  465 Reading to 468 Pottstown Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.12-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.12-4. 
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Figure A.12-4 Reading Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.705 
C2 = 0.295 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Reading to Pottstown - Routing Parameter Derivation Code 
> ##Reach 465 Reading to 468 Pottstown ## 
> library(Matrix) 
> QR<-1228 # CFS, 50th percentile flow at Reading  
> QP<-1525 # CFS, 50th percentile flow at Pottstown  
> Q<-(QR+QP)/2 #Averaged 50th percentile flow for the reach 
> Q 
[1] 1376.5 
> WR<-278.1 #ft, Reading channel width at 50th percentile flow 
> WP<-301.6 #ft, Pottstown channel width at 50th percentile flow  
> W<-(WR+WP)/2 
> W 
[1] 289.85 
> S_r1<-0.000601 # Slope of reach 
> dQdyR<-1107.7 # Reading  
> dQdyP<-1134.3 # Pottstown Confluence 
> dQdy<-(dQdyR+dQdyP)/2 # Averaged dQdy for reach Reading to Pottstown 
Confluence 
> dQdy 
[1] 1121 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 3950.922 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 3.867518 
> x_r1<-21.3*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Reading to Pottstown####### 
369 
 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 11th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 1.000251 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] 0.000250727 
>  
> r1h_final<-c(r1h_inst[1:10],r1h_inst[11]-adjust,r1h_inst[12:24]) 
> r1h_final 
 [1] 6.329611e-74 1.395920e-27 3.108536e-13 7.433290e-07 1.184485e-03 
 [6] 4.935277e-02 2.581816e-01 3.709124e-01 2.258100e-01 7.552911e-02 
[11] 1.611680e-02 2.564311e-03 3.133064e-04 3.150785e-05 2.713114e-06 
[16] 2.060388e-07 1.411405e-08 8.875071e-10 5.193895e-11 2.860162e-12 
[21] 1.495274e-13 7.475352e-15 3.595155e-16 1.671611e-17 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Reading to Pottstown Confluence Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
370 
 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.7051330 
[2,] 0.3365337 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
         [,1] 
[1,] 0.705133 
[2,] 0.294867 
>  
> write.table(r1h_final, file = "ReadtoPottsinstresp.csv", sep = ",", col.names=TRUE) 
>  
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A.13. Section C.13 Spangsville 466 
Node Number 466 
Node Name Spangsville 
Sub-Watershed Manatawny Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Origination 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1993 to 09-30-2011 
Data Source USGS 01471875 Manatawny 
Creek near Spangsville, PA 
Historical Infill Required 10-01-1947 to 09-30-1993 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 265 Ft 
Node Elevation Data Source USGS 0147875 
Upstream Node(s) N/A 
Distance to Upstream Node N/A 
Downstream Node 467 Manatawny  
Distance to Downstream Node 9.26 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 53 CFS 
50th Percentile Discharge, CFS 94 CFS 
75th Percentile Discharge, CFS 160 CFS 
Width at 50th Percentile Discharge, Ft 75.3 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
213.13 
  
Routing to 466 Spangsville 
N/A 
  
Routing from 466 Spangsville to 467 Manatawny 
Reach 466 to 467: Celerity = 2.757 Ft/s, Dispersion = 258.5 Ft2/s, C1 = 0.833, C2 = 0.167 
467 Manatawny (t) = 0.833 * Spangsville (t) + 0.167 * Spangsville (t-1) + Manatawny 
Historical Inflow (t) 
  
466 Spangsville Inflow 
Spangsville Historical Inflow (t) = Spangsville Historical Streamflow (t) 
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Overview of Node 466 Spangsville 
Node 466 Spangsville is based on the location and observed data of USGS 01471875 
Manatawny Creek near Spangsville, PA.  Node 466 requires an extension of the 
streamflow record.  Water is routed from 466 Spangsville to 467 Manatawny Confluence 
using parameters derived from the USGS 01471980 Manatawny Creek near Pottstown 
gauge. 
Historical Infill 
The Spangsville USGS gauge number is 01471875, this data is available from 10-01-1993 
to 09-30-2011, and required historical infill for 10-01-1947 to 09-30-1993.  The correlations 
explored and results are below in Table A.13-1.  The correlations were performed using 
data from 10-01-1993 to 09-30-2011.  The selected relationship is presented in bold. 
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Table A.13-1 Spangsville Historical Infill Correlation Calculations 
Dependent Variable Y Independent Variable X Pearson’s r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01471875 Spangsville USGS 01452000 Jordan Creek 0.75 0.563 85.3 43.5 0.39 
USGS 01471875 Spangsville USGS 01451500 Little Lehigh 0.81 0.652 76.16 14.1 0.673 
USGS 01471875 Spangsville USGS 01470500 Berne 0.653 0.427 97.7 35.3 0.007 
USGS 01471875 Spangsville USGS 01470779 Bernville 0.654 0.428 97.56 26.16 0.59 
Log USGS 01471875 Spangsville Log USGS 01451500 Little Lehigh 0.900 0.81 0.149 -0.616 1.225 
USGS 01471875 Spangsville USGS 01473000 Graterford 0.899 0.809 56.44 43.5 0.108 
Log USGS 01471875 
Spangsville 
Log USGS 01473000 
Graterford 0.902 0.815 0.147 0.242 0.668 
USGS 01471875 Spangsville USGS 01471980 Manatawny 0.974 0.948 26.08 9.478 0.613 
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Two correlations with log USGS 01473000 Graterford and USGS 01471980 Manatawny 
with USGS 01471875 Spangsville are the strongest and will be used to extend the 
historical record, presented in Table A.13-2 below.  Two different correlations are 
required due to data availability limitations. 
 
 
 
Table A.13-2 Final Spangsville Historical Infill Calculations 
Date Source 
10-01-1947 – 07-31-1974 Log USGS 01471875 Spangsville = 0.242 + 0.668 * Log USGS 
01473000 Graterford 
08-01-1974 to 09-30-1993 USGS 01471875 Spangsville = 9.478 + 0.613 * USGS 01471980 
Manatawny 
10-01-1993 to 09-30-2011 USGS 01471875 Spangsville 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Spangsville is 94 CFS, derived from USGS 
01471980 Manatawny Creek near Pottstown, and is used as the linearizing flow which 
all routing parameters are based from. 
Rating Curve 
The two most recent rating curves for USGS 01471980 are used for the estimation of 
channel width at the 50th percentile and the discharge/depth slope at the 50th percentile 
required for routing.  The more recent rating curve, 10, did not include values within the 
25th-75th percentile flow range, so the prior rating curve, 9, is used as well.  The rating 
curves for USGS 01471980 are presented below in Table A.13-3. 
Table A.13-3 USGS 01471980 Channel Data Used in Routing 
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Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
10/20/2005 1.94 73.8 9 78.5 
10/20/2005 1.94 83.3 9 75 
11/8/2005 1.98 82.6 9 106 
2/8/2006 2.42 190 9 106 
4/11/2006 1.96 91.3 9 71 
5/18/2006 2.03 89.2 9 83 
7/19/2006 1.98 81.8 9 82 
8/24/2006 1.64 32.2 9 70 
10/19/2006 2.05 94.2 9 78 
12/13/2006 2.05 96.1 9 77 
3/28/2007 2.42 207 10 92 
5/8/2007 2.14 128 10 81 
6/19/2007 1.76 52.2 10 72 
8/1/2007 1.65 35 10 65 
9/12/2007 1.76 51 10 68 
10/16/2007 1.57 26.1 10 63 
11/27/2007 2.51 200 10 88 
 
 
 
Channel Width 
The channel width at Manatawny is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 94 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.13-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
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Figure A.13-1 Manatawny Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the three rating curve measurements between the 45th and 55th percentiles (85 – 
104 CFS).  The estimated channel width at the 50th percentile discharge is 77.25 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.13-2. 
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Figure A.13-2 Manatawny Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 213.13 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Spangsville 
derived in the preceding documentation are averaged with downstream node 467 
Manatawny Confluence characteristics.  The averaged reach characteristics in addition 
to reach slope and length data are used in R code, provided at the end of this section, to 
derive the instantaneous response function and corresponding daily response function.  
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The reach characteristics used to calculate the instantaneous response function are 
presented in Table A.13-4 below. 
 
 
 
Table A.13-4 Routing Spangsville to Manatawny Final Parameters 
Average Reach Width 77.3 Ft 
 Manatawny = 77.3 Ft 
  
Average Reach 50th Percentile Discharge 94 CFS 
 Manatawny = 94 CFS 
  
Average Reach Discharge/Depth Relationship 209.14 
 Manatawny = 213.13 
  
Node Elevations Spangsville = 265 Ft 
 Manatawny = 150 Ft 
  
Distance, Spangsville to Manatawny 9.26 Miles 
  
Slope, Spangsville to Manatawny 0.002352 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.13-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 2.757 Ft/s 
Dispersion = 258.5 Ft2/s 
The instantaneous response function is presented below in Figure A.13-3.  Water moving 
at 50th percentile discharge conditions from Spangsville takes approximately 4 hours to 
fully reach Manatawny. 
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Figure A.13-3 466 Spangsville to 467 Manatawny Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.13-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.13-4. 
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Figure A.13-4 Spangsville Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.833 
C2 = 0.167 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Spangsville to Manatawny - Routing Parameter Derivation Code 
> ##Reach 466 Spangsville to 467 Manatawny Confluence## 
> library(Matrix) 
> Q<-94 # CFS, 50th percentile flow at Manatawny Confluence 
> Q 
[1] 94 
> W<-77.3 #ft, Manatawny channel width at 50th percentile flow 
> W 
[1] 77.3 
> S_r1<-0.002352 # Slope of reach 
> dQdy<-213.13 # Manatawny Confluence 
> dQdy 
[1] 213.13 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 258.5122 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 2.75718 
> x_r1<-9.26*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Berne to Maiden####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
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+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 5th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 1.254513 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] 0.2545133 
>  
> r1h_final<-c(r1h_inst[1:4],r1h_inst[5]-adjust,r1h_inst[6:24]) 
> r1h_final 
 [1] 1.019568e-176  3.213587e-49  1.698800e-14  6.156239e-03  9.878508e-01 
 [6]  5.992858e-03  6.657173e-08  1.668505e-14  3.349067e-22  1.150595e-30 
[11]  1.096623e-39  3.999817e-49  6.974572e-59  6.815047e-69  4.192165e-79 
[16]  1.771351e-89 5.495541e-100 1.318406e-110 2.547798e-121 4.097712e-132 
[21] 5.631857e-143 6.758887e-154 7.210318e-165 6.939625e-176 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_final,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Spangsville to Manatawny Confluence Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
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> #title("Unit Response Function") 
>  
> #The unit response must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.8333401 
[2,] 0.2083265 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
          [,1] 
[1,] 0.8333401 
[2,] 0.1666599 
> 
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A.14. Section C.14 Manatawny 467 
Node Number 467 
Node Name Manatawny  
Sub-Watershed Manatawny Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Segment 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 08-01-1974 to 09-30-2004 
Data Source USGS 01471900 Manatawny 
Creek near Pottstown 
Historical Infill Required 10-01-1947 to 07-31-1974, 10-01-
2004 to 09-30-2011 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 150 Ft 
Node Elevation Data Source USGS 0147900 
Upstream Node(s) 466 Spangsville 
Distance to Upstream Node 9.26 Miles 
Downstream Node 468 Pottstown 
Distance to Downstream Node N/A 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Instantaneous 
25th Percentile Discharge, CFS 53 CFS 
50th Percentile Discharge, CFS 94 CFS 
75th Percentile Discharge, CFS 160 CFS 
Width at 50th Percentile Discharge, Ft 75.3 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
213.13 
  
Routing to 467 Manatawny from 466 Spangsville 
Reach 466 to 467: Celerity = 2.757 Ft/s, Dispersion = 258.5 Ft2/s, C1 = 0.833, C2 = 0.167 
467 Manatawny (t) = 0.833 * Spangsville (t) + 0.167 * Spangsville (t-1) + Manatawny 
Historical Inflow (t) 
 
Routing from 467 Manatawny and 465 Reading to 468 Pottstown 
Reach 465 to 468: Celerity = 3.867 Ft/s, Dispersion = 3950.9 Ft2/s, C1 = 0.705, C2 = 
0.295 
Reach 467 to 468: Instantaneous Routing 
468 Pottstown (t) = 0.705 * Reading (t) + 0.295 * Reading (t-1) +Manatawny (t) + 
Pottstown Historical Inflow (t) 
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467 Manatawny Inflow 
Manatawny Historical Inflow (t) = Manatawny Historical Streamflow (t) – 0.833 
Spangsville (t) – 0.167 * Spangsville (t-1) 
 
 
 
Overview of Node 467 Manatawny 
Node 467 Manatawny is based on the observed data, not the location, of USGS 01471980 
Manatawny Creek near Pottstown, PA.  The USGS gauge is located on Manatawny 
Creek approximately one mile upstream of the confluence of the Manatawny Creek and 
the Schuylkill River.  Node 467 is located at the confluence of the Manatawny Creek and 
Schuylkill River, and routing distance is calculated to reflect node location. 
Historical Infill 
The Manatawny near Pottstown USGS gauge number is 01471980, this data is available 
from 08-01-1974 to 09-30-2004, and requires historical infill for 10-01-1947 to 07-31-1974, 
and 10-01-2004 to 09-30-2011.  The correlations were performed using data from 08-01-
1974 to 09-30-2004.  The correlations explored and results are below in Table A.14-1.  The 
selected relationship is presented in bold.
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Table A.14-1 Manatawny near Pottstown Historical Infill Correlation Calculations 
Dependent Variable Y Independent Variable X Pearson’s r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01471980 Manatawny USGS 01473000 Graterford 0.918 0.843 75.06 54.7 0.178 
Log USGS 01471980 Manatawny Log USGS 01473000 Graterford 0.925 0.856 0.137 0.28 0.716 
USGS 01471980 Manatawny USGS 01471875 Spangsville 0.976 0.953 38.2 -9.6 1.59 
Log USGS 01471980 Manatawny Log USGS 01471875 Spangsville 0.979 0.958 0.072 0.145 1.01 
387 
 
Two correlations with log USGS 01473000 Graterford and log USGS 01471875 
Spangsville with USGS 01471980 Manatawny are the strongest and will be used to 
extend the historical record, presented in Table A.14-2 below.  Two different correlations 
are required due to data availability limitations. 
 
 
 
Table A.14-2 Final Manatawny near Pottstown Historical Infill Calculations 
Date Source 
10-01-1947 to 07-31-1974 Log Manatawny = 0.28 + 0.716 * Log Graterford 
08-01-1974 to 09-30-2004 Manatawny near Pottstown gauge 
10-01-2004 to 09-30-2011 Log Manatawny = 0.145 + 1.01 * Log Spangsville 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Manatawny is 94 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
Rating Curve 
The two most recent rating curves for USGS 01471980 are used for the estimation of 
channel width at the 50th percentile and the discharge/depth slope at the 50th percentile 
required for routing.  The more recent rating curve, 10, did not include values within the 
25th-75th percentile flow range, so the prior rating curve, 9, is used as well.  The rating 
curves for USGS 01471980 are presented below in Table A.14-3. 
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Table A.14-3 USGS 01471980 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
10/20/2005 1.94 73.8 9 78.5 
10/20/2005 1.94 83.3 9 75 
11/8/2005 1.98 82.6 9 106 
2/8/2006 2.42 190 9 106 
4/11/2006 1.96 91.3 9 71 
5/18/2006 2.03 89.2 9 83 
7/19/2006 1.98 81.8 9 82 
8/24/2006 1.64 32.2 9 70 
10/19/2006 2.05 94.2 9 78 
12/13/2006 2.05 96.1 9 77 
3/28/2007 2.42 207 10 92 
5/8/2007 2.14 128 10 81 
6/19/2007 1.76 52.2 10 72 
8/1/2007 1.65 35 10 65 
9/12/2007 1.76 51 10 68 
10/16/2007 1.57 26.1 10 63 
11/27/2007 2.51 200 10 88 
 
 
 
Channel Width 
The channel width at Manatawny is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 94 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.14-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
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Figure A.14-1 Manatawny Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the three rating curve measurements between the 45th and 55th percentiles (85 – 
104 CFS).  The estimated channel width at the 50th percentile discharge is 77.25 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.14-2. 
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Figure A.14-2 Manatawny Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 213.13 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Manatawny 
derived in the preceding documentation are used for routing with the upstream node 
466 Spangsville.  The routing to the downstream node 468 Pottstown is instantaneous, 
and therefore does not require use of the derived routing parameters. 
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A.15.  Pottstown 468 
Node Number 468 
Node Name Pottstown 
Sub-Watershed Middle Schuylkill 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Confluence 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1947 to 09-30-2011 
Data Source USGS 01472000 Schuylkill 
River at Pottstown, PA 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 117.86 Ft 
Node Elevation Data Source USGS 01472000 
Upstream Node(s) 465 Reading, 467 Manatawny 
Distance to Upstream Node 21.3 Miles, N/A 
Downstream Node 469 Limerick 
Distance to Downstream Node 3.63 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 851 CFS 
50th Percentile Discharge, CFS 1525 CFS 
75th Percentile Discharge, CFS 2701 CFS 
Width at 50th Percentile Discharge, Ft 301.6 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
1134.3 
  
Routing to 468 Pottstown from 465 Reading and 467 Manatawny 
Reach 465 to 468: Celerity = 3.867 Ft/s, Dispersion = 3950.9 Ft2/s, C1 = 0.705, C2 = 
0.295 
Reach 467 to 468: Instantaneous Routing 
468 Pottstown (t) = 0.705 * Reading (t) + 0.295 * Reading (t-1) +Manatawny (t) + 
Pottstown Historical Inflow (t) 
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Routing from 468 Pottstown to 469 Limerick 
Reach 468 to 469: Celerity = 3.761 Ft/s, Dispersion = 11650.6 Ft2/s, C1 = 0.983, C2 = 
0.017 
469 Limerick (t) = 0.983 * Pottstown (t) + 0.017 * Pottstown (t-1) 
  
468 Pottstown Inflow 
Pottstown Historical Inflow (t) = Pottstown Historical Streamflow (t) - 0.705 * Reading 
(t) - 0.295 * Reading (t-1) - Manatawny (t) 
 
 
 
Overview of Node 468 Pottstown 
Node 468 Pottstown is based on the location and observed gauge data of USGS 01472000 
Schuylkill River at Pottstown, PA.  Node 468 does not require any historical extension.  
Water is routed from node 468 Pottstown to node 469 Limerick. 
Historical Infill 
Node 468 Pottstown is based on the location and data recorded at USGS 01472000 
Schuylkill River at Pottstown.  There is observed streamflow data at Pottstown for the 
full modeling period from 10-01-1947 to 09-30-2011. 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Pottstown is 1526 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
Rating Curve 
The most recent rating curve for USGS 01472000 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
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for routing.  The most recent rating curve for USGS 01472000 is presented below in Table 
A.15-1. 
 
 
 
Table A.15-1 USGS 01472000 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
12/10/1998 1.27 475 20 303 
1/25/1999 7.86 11300 20 353 
5/13/1999 2.08 1100 20 298 
6/17/1999 1.39 571 20 289 
8/2/1999 0.77 252 20 115 
11/16/1999 1.75 822 20 295 
12/9/1999 2.36 1350 20 295 
3/10/2000 2.73 1780 20 295 
5/15/2000 2.92 2110 20 290 
6/6/2000 3.6 2960 20 296 
7/20/2000 1.87 971 20 291 
9/15/2000 2.4 1560 20 275 
12/8/2000 1.49 678 20 290 
1/26/2001 2.18 1260 20 293 
3/9/2001 2.86 1980 20 296 
5/4/2001 2.24 1170 20 295 
7/12/2001 1.85 869 20 290 
7/26/2001 4.12 3570 20 296 
9/7/2001 1.13 420 20 265 
1/18/2002 1.48 610 20 290 
3/27/2002 3.78 3140 20 295 
4/25/2002 2.3 1400 20 295 
6/6/2002 2.1 1150 20 282 
10/24/2002 2.18 1090 20 299 
1/10/2003 3.97 3280 20 297 
3/18/2003 5.34 5900 20 339 
4/30/2003 2.74 1810 20 300 
6/20/2003 3.94 3510 20 308 
8/14/2003 3.6 3110 20 297 
9/25/2003 5.86 6750 20 339 
12/10/2003 3 2100 20 297 
2/24/2004 2.89 2120 20 297 
4/1/2004 2.59 1640 20 295 
5/20/2004 2.54 1490 20 293 
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Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
7/13/2004 7.15 9570 20 357 
10/8/2004 3.01 2170 20 297 
10/25/2004 2.82 2070 20 298 
11/30/2004 6.71 8520 20 350 
1/10/2005 5.24 5490 20 345 
3/10/2005 3.51 2890 20 304 
4/20/2005 2.99 2140 20 298 
6/2/2005 1.93 978 20 293 
7/7/2005 2.05 1040 20 286 
8/24/2005 1.35 552 20 290 
10/4/2005 1.33 524 20 283 
1/25/2006 4.67 4240 20 341 
3/14/2006 2.42 1420 20 290 
4/18/2006 1.82 876 20 292 
6/20/2006 1.42 574 20 278 
8/22/2006 1.49 570 20 290 
10/23/2006 2.85 1830 20 297 
12/6/2006 2.81 1740 20 307 
3/27/2007 4.79 4700 20 304 
6/5/2007 2.48 1470 20 395 
8/1/2007 1.63 707 20 262 
9/12/2007 1.74 752 20 267 
10/22/2007 1.43 576 20 252 
11/27/2007 3.77 2990 20 297 
1/23/2008 2.4 1250 20 293 
3/18/2008 3.39 2680 20 1850 
4/30/2008 3.01 2160 20 300 
6/19/2008 1.68 716 20 283 
7/29/2008 1.52 577 20 257 
10/30/2008 3.08 2000 20 292 
12/18/2008 3.84 3160 20 298 
2/9/2009 3.12 2240 20 298 
3/26/2009 1.63 715 20 273 
5/21/2009 3.02 2160 20 298 
7/15/2009 2.48 1340 20 301 
11/16/2009 2.35 1160 20 294 
12/30/2009 4.15 3620 20 306 
3/1/2010 2.94 2090 20 300 
4/15/2010 2.65 1710 20 299 
6/15/2010 2.1 995 20 306 
11/16/2010 2.11 964 21 265 
2/28/2011 4.73 4780 21 2100 
3/11/2011 13.45 25500 21 5340 
4/15/2011 4.82 4950 21 2110 
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Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
6/2/2011 2.89 2050 21 1500 
7/19/2011 1.46 560 21 242 
8/29/2011 7.06 8660 21 343 
9/8/2011 14.99 29600 21 401 
9/8/2011 15.4 31000 21 407 
11/14/2011 2.78 1780 21 276 
12/20/2011 3.18 2280 21 278 
2/15/2012 2.45 1430 21 268 
 
 
 
Channel Width 
The channel width at Pottstown is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 1525 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.15-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
 
 
 
 
Figure A.15-1 Pottstown Estimated Channel Width 
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In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (1380 – 
1702 CFS).  The estimated channel width at the 50th percentile discharge is 301.6 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.15-2. 
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Figure A.15-2 Pottstown Estimate of 50th Percentile Discharge/Depth Slope from Rating Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 1134.3 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Pottstown 
derived in the preceding documentation are used in R code, provided at the end of this 
section, to derive the instantaneous response function and corresponding daily response 
function for Pottstown to Limerick.  There is no gauging station located at the location of 
the Limerick Generating Station on the Schuylkill River, so Pottstown characteristics are 
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assumed for this short reach.  The reach characteristics used to calculate the 
instantaneous response function are presented in Table A.15-2 below. 
 
 
 
Table A.15-2 Routing Pottstown to Limerick Final Parameters 
Average Reach Width 301.6 Ft 
 Pottstown = 301.6 Ft 
  
Average Reach 50th Percentile Discharge 1525 CFS 
 Pottstown = 1525 CFS 
  
Average Reach Discharge/Depth Relationship 1134.3 
 Pottstown = 1134.3 
  
Node Elevations Pottstown = 117.86 Ft 
 Limerick = 113.7 Ft 
  
Distance, Pottstown to Limerick 3.63 Miles 
  
Slope, Pottstown to Limerick 0.000601 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.15-2 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 3.761 Ft/s 
Dispersion = 11650.6 Ft2/s 
The instantaneous response function is presented below in Figure A.15-3.  Water moving 
at 50th percentile discharge conditions from Pottstown takes approximately 2-3 hours to 
fully reach Limerick. 
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Figure A.15-3 468 Pottstown to 469 Limerick Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.15-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.15-4. 
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Figure A.15-4 Pottstown Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.983 
C2 = 0.017 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Pottstown to Limerick - Routing Parameter Derivation Code 
> ##Reach 468 Pottstown to 469 Limerick## 
> library(Matrix) 
> QP<-1525 # CFS, 50th percentile flow at Pottstown  
> WP<-301.6 #ft, Pottstown channel width at 50th percentile flow  
> S_r1<-0.000217 # Slope of reach 
> dQdyP<-1134.3# Pottstown  
> K_r1<-(QP/WP)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 11650.61 
> C_r1<-dQdyP/WP # Celerity Ft/s averaged over channel 
> C_r1 
[1] 3.760942 
> x_r1<-3.63*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Reading to Pottstown####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 3th ordinate## 
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> sum(r1h_inst[1:24]) 
[1] 1.023906 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] 0.02390553 
>  
> r1h_final<-c(r1h_inst[1:2],r1h_inst[3]-adjust,r1h_inst[4:24]) 
> r1h_final 
 [1] 6.914409e-01 2.449870e-01 4.050519e-02 1.683670e-02 4.507138e-03 
 [6] 1.236770e-03 3.467144e-04 9.895249e-05 2.866601e-05 8.409279e-06 
[11] 2.493311e-06 7.460354e-07 2.249955e-07 6.832560e-08 2.087510e-08 
[16] 6.412237e-09 1.979129e-09 6.134908e-10 1.909100e-10 5.961812e-11 
[21] 1.867756e-11 5.868609e-12 1.848922e-12 5.839530e-13 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Reading to Pottstown Confluence Instantaneous Response Function") 
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
           [,1] 
[1,] 0.98317354 
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[2,] 0.05849312 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
           [,1] 
[1,] 0.98317354 
[2,] 0.01682646 
> 
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A.16.  Limerick 469 
Node Number 469 
Node Name Limerick 
Sub-Watershed Middle Schuylkill 2 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River – Segment 
Inflow (Yes, No, OCL) No 
  
Historical Data Availability  
Data Available No 
Data Source N/A 
Historical Infill Required N/A 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 113.7 Ft 
Node Elevation Data Source Google Elevation Service 
Upstream Node(s) 468 Pottstown 
Distance to Upstream Node 3.63 Miles 
Downstream Node 481 Valley Forge 
Distance to Downstream Node 17.13 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS N/A 
50th Percentile Discharge, CFS N/A 
75th Percentile Discharge, CFS N/A 
Width at 50th Percentile Discharge, Ft N/A 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
N/A 
  
Routing to 469 Limerick from 468 Pottstown  
Reach 468 to 469: Celerity = 3.761 Ft/s, Dispersion = 11650.6 Ft2/s, C1 = 0.983, C2 = 
0.017 
469 Limerick (t) = 0.983 * Pottstown (t) + 0.017 * Pottstown (t-1) 
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Routing from 469 Limerick, 478 Perkiomen, 479 French Creek, and 480 Valley 
Creek to 481 Valley Forge 
Reach 469 to 481: Celerity = 2.204 Ft/s, Dispersion = 3587.5 Ft2/s, C1 = 0.567, C2 = 
0.433 
Reach 478 to 481: Instantaneous routing 
Reach 479 to 481: Celerity = 2.345 Ft/s, Dispersion = 221.9 Ft2/s, C1 = 0.875, C2 = 
0.125 
Reach 480 to 481: Instantaneous routing 
481 Valley Forge (t) = 0.567 * Limerick (t) + 0.433 * Limerick (t-1) + Perkiomen (t) + 0.875 
* French Creek (t) + 0.125 * French Creek (t-1) + Valley Creek (t) 
 
469 Limerick Inflow 
N/A 
 
 
 
Overview of Node 469 Limerick 
Node 469 Limerick is based on the location of the Limerick Generating Station (LGS), a 
nuclear power plant owned and operated by Exelon located along the Schuylkill River 
in Limerick, PA.  The Schuylkill River cooling water withdrawal for LGS is diverted 
from node 469 Limerick by node 470 Limerick Schuylkill Demand (Section A.17).  Water 
is routed to node 469 Limerick by convolution from node 468 Pottstown.  Pottstown 
routing parameters are used to route water to 469 Limerick because there is no USGS 
gauging station at that location.  Water is routed by convolution from 469 Limerick to 
481 Valley Forge using average USGS 01472000 Pottstown and USGS 01473500 
Norristown observed discharge and channel width data.  The Pottstown estimated 50th 
percentile discharge/depth slope is used for the reach from Limerick to Valley Forge 
due to the lack of a closer gauging station and the complications with measuring 
streamflow at Norristown (Section A.29).  There is no inflow estimated for node 469 
Limerick. 
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Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for node 468 
Pottstown derived in Section A.15, in addition to reach slope and length data are used in 
R code, provided at the end of this section, to derive the instantaneous response function 
and corresponding daily response function.  The reach characteristics used to calculate 
the instantaneous response function are presented in Table A.16-1 below. 
 
 
 
Table A.16-1 Routing Limerick to Valley Forge Final Parameters 
Average Reach Width  514.55 Ft 
 Pottstown = 301.6 
 Norristown = 727.5 
  
Average Reach 50th Percentile Discharge 1827.5 CFS 
 Pottstown = 1525 CFS 
 Norristown = 2130 CFS 
  
Average Reach Discharge/Depth Relationship 1134.3 from Pottstown 
  
Node Elevations Limerick = 113.7 Ft 
 Valley Forge = 68.8 Ft 
  
Distance, Limerick to Valley Forge 17.13 Miles 
  
Slope, Limerick to Valley Forge 0.000495 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.16-1 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 2.204 Ft/s 
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Dispersion = 3587.5 Ft2/s 
The instantaneous response function is presented below in Figure A.16-1.  Water moving 
at 50th percentile discharge conditions from Limerick takes approximately 7-15 hours to 
fully reach Valley Forge. 
 
 
 
 
Figure A.16-1 469 Limerick to 481 Valley Forge Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.16-1 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
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long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.16-2. 
 
 
 
 
Figure A.16-2 Limerick Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
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C1 = 0.567 
C2 = 0.433 
The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Limerick to Valley Forge- Routing Parameter Derivation Code 
> ##Reach 469 Limerick to 481 Valley Forge Confluence## 
> library(Matrix) 
> QN<-2130 # CFS, 50th percentile flow at Norristown  
> QP<-1525 # CFS, 50th percentile flow at Pottstown  
> Q<-(QN+QP)/2 #Averaged 50th percentile flow for the reach 
> Q 
[1] 1827.5 
> WN<-727.5 #ft, Norristown channel width at 50th percentile flow 
> WP<-301.6 #ft, Pottstown channel width at 50th percentile flow  
> W<-(WN+WP)/2 
> W 
[1] 514.55 
> S_r1<-0.000495 # Slope of reach 
> dQdy<-1134.3 # Pottstown estimated at 50th percentile flow 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 3587.522 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 2.20445 
> x_r1<-17.13*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
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> ##########Instantaneous Unit Response Limerick to Valley Forge####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 15th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 1.000243 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] 0.0002429968 
>  
> r1h_final<-c(r1h_inst[1:18],r1h_inst[19]-adjust,r1h_inst[20:24]) 
> r1h_final 
 [1] 4.155569e-57 1.055547e-23 4.918487e-13 5.080881e-08 2.949168e-05 
 [6] 1.299744e-03 1.322512e-02 5.407769e-02 1.207792e-01 1.770216e-01 
[11] 1.912823e-01 1.646380e-01 1.190615e-01 7.514520e-02 4.255798e-02 
[16] 2.208142e-02 1.066378e-02 4.852439e-03 1.857711e-03 8.719055e-04 
[21] 3.491145e-04 1.355376e-04 5.123358e-05 1.892153e-05 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Limerick to Valley Forge Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
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+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.5668772 
[2,] 0.4747895 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
          [,1] 
[1,] 0.5668772 
[2,] 0.4331228 
> 
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A.17.  Limerick Schuylkill Demand 470 
Node Number 470 
Node Name Limerick Schuylkill Demand 
Sub-Watershed Middle Schuylkill 2 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
Demand 
Inflow (Yes, No, OCL) N/A 
 
 
 
Node 470 Limerick Schuylkill Demand Overview 
Node 470 Limerick Schuylkill Demand represents the Schuylkill River withdrawals 
made by the Limerick Generating Station (LGS) diversion at Limerick, PA where the 
nuclear power plant is located.  The diversion for 470 Limerick Schuylkill Demand is 
made from node 469 Limerick. 
LGS has two diversions, one on the Perkiomen Creek and one on the Schuylkill River.  
The decision by LGS to pull from either diversion is dictated by proprietary costs 
associated with having to replace water consumed for cooling water when streamflow 
falls during seasonally dry periods.  In order to simplify this decision making process for 
the Schuylkill River model simulation, two thirds of LGS cooling water needs are 
assigned to be withdrawn from the Schuylkill diversion as represented by node 470.  
The remaining one third of LGS cooling water needs will be withdrawn by the 
Perkiomen diversion represented by node 476 Limerick Perkiomen Demand. 
The demand pattern assigned to 470 Limerick Schuylkill Demand is derived from 
monthly average observed daily average total cooling water withdrawals divided by 
two thirds.  The annual daily average monthly withdrawal during this period for the 
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Schuylkill diversion is 32.6 CFS, and the peaking factors presented in Table A.17-1below 
are derived from this average. 
 
 
 
Table A.17-1 Limerick Schuylkill Diversion Demand Pattern 
Month 
Average Daily Total LGS 
Cooling Water Withdrawal 
by Month, CFS 
Estimated Average Daily 
Schuylkill Withdrawal by 
Month, CFS 
Schuylkill 
Withdrawal 
Peaking Factor 
1 43.6 29.04 0.89 
2 42.7 28.49 0.87 
3 36.4 24.24 0.74 
4 43.0 28.68 0.88 
5 51.0 33.99 1.04 
6 55.6 37.04 1.14 
7 57.5 38.34 1.18 
8 57.5 38.36 1.18 
9 54.6 36.42 1.12 
10 51.4 34.26 1.05 
11 49.0 32.64 1.00 
12 45.0 30.02 0.92 
 
 
 
The demand pattern in Table A.17-1 above will be applied throughout the modeling 
period from 10-01-1947 to 09-30-2011. 
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A.18.  Upper Perkiomen 471 
Node Number 471 
Node Name Upper Perkiomen 
Sub-Watershed Perkiomen Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Origination 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1981 to 09-30-2011 
Data Source USGS 01472198 Perkiomen Creek at 
East Greenville, PA, USGS 01472199 
West Branch Perkiomen Creek at 
Hillegass, PA 
Historical Infill Required 10-01-1947 to 09-30-1981 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 289.25 Ft 
Node Elevation Data Source Average of USGS 01472198 and 
USGS01472199 
Upstream Node(s) N/A 
Distance to Upstream Node N/A 
Downstream Node Graterford 475 
Distance to Downstream Node 15.75 Miles 
Routing to Downstream Node 
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 38 CFS 
50th Percentile Discharge, CFS 74 CFS 
75th Percentile Discharge, CFS 126 CFS 
Width at 50th Percentile Discharge, Ft 158 Ft** 
Rating Curve Slope encompassing 50th 
Percentile Discharge 
440.9** 
  
Routing to 471 Upper Perkiomen 
N/A 
  
Routing from 471 Upper Perkiomen and 474 Schwenksville to 475 Graterford 
Reach 474 to 475: Celerity = 1.8 Ft/s, Dispersion = 216.3 Ft2/s, C1 = 0.89, C2 = 0.11 
Reach 471 to 475: Celerity = 2.79 Ft/s, Dispersion = 235.5 Ft2/s, C1 = 0.702, C2 = 0.298 
475 Graterford (t) = 0.89* Schwenksville (t) + 0.11 * Schwenksville (t-1) + 0.702 * Upper 
Perkiomen (t) + 0.298 * Upper Perkiomen (t-1) + Graterford Historical Inflow (t) 
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471 Upper Perkiomen Inflow 
Upper Perkiomen Historical Inflow (t) = Upper Perkiomen Historical Streamflow (t) 
**Parameter derived from Graterford USGS 01473000, see following documentation 
 
 
 
Overview of Node 471 Upper Perkiomen 
Node 471 Upper Perkiomen is based on the observed data and approximate location of 
two adjacent streamflow gauges; USGS 01472198 Perkiomen Creek at East Greenville, 
PA, and USGS 01472199 West Branch Perkiomen Creek at Hillegass, PA.  In this 
simulation these two streamflow gauges are added together to estimate the 
contributions of the Perkiomen Creek and West Branch Perkiomen Creek in the 
headwaters of the Perkiomen Creek watershed.  By combining the two records of 
observed discharge it is not possible to use either channel characteristics measured for 
those gauges.  Instead, the Graterford (Section A.22) channel characteristics are assumed 
to be the average reach characteristics for water routed from node 471 Upper Perkiomen 
to node 475 Graterford.  Node 471 also requires an historical extension of the streamflow 
record, which is performed by correlations between nearby streamflow gauges and the 
combined Upper Perkiomen streamflow. 
Historical Infill 
The Upper Perkiomen model node is an approximation of the combined flows measured 
at USGS 01472198 and USGS 01472199, the Perkiomen Creek at East Greenville and the 
West Branch of the Perkiomen Creek at Hillegass.  The historical infill is an estimate of 
the sum of the East Greenville and Hillegass flows.  Streamflow data from the East 
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Greenville gauge is available from 08-24-1981 to 09-30-2011, and data from the Hillegass 
gauge is available from 10-01-1981 to 09-30-2011.  Historical infill for the Upper 
Perkiomen node is required for the period before both gauges were in operation, 10-01-
1947 to 09-30-1981.  Multiple correlations are presented below in Table A.18-1.  
Correlations performed include data from 10-01-1981 to 09-30-2011.  The selected 
relationship is presented below in bold. 
The correlation between the log transform of Upper Perkiomen (Hillegass + East 
Greenville) and the Little Lehigh was the strongest; however it consistently over predicts 
storm peaks.  An over estimate of storm peaks may lead to large negative inflows 
calculated for the next downstream node at Graterford.  The correlation between the log 
transform of total Upper Perkiomen and Tohickon Creek underestimates peak 
streamflow, and will therefore be used to estimate historical streamflow.  The difference 
between actual historical storm peaks and the underestimated storm peaks will be 
captured by the model in the downstream node at Graterford. 
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Table A.18-1 Upper Perkiomen Historical Infill Correlation Calculations 
Dependent Variable Y Independent Variable X Pearson’s r 
R 
squared 
Standard 
Error Intercept Coefficient 
Upper Perkiomen USGS 01451500 Little Lehigh 0.809 0.65 79.8 2.55 0.87 
Log Upper Perkiomen Log USGS 01451500 Little Lehigh 0.857 0.735 0.18 -0.835 1.36 
Upper Perkiomen USGS 01459500 Tohickon Creek 0.787 0.62 83.9 48.8 0.28 
Log Upper Perkiomen Log USGS 01459500 Tohickon Creek 0.832 0.693 0.198 1.05 0.442 
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Table A.18-2 Final Upper Perkiomen Historical Infill Calculations 
Date Source 
10-01-1947 to 09-30-1981 
Log (USGS 01472199 Hillegass (t) + USGS 01472198 East 
Greenville (t)) = 1.05 + 0.442 * Log USGS 01459500 Tohickon 
Creek (t) 
10-01-1981 to 09-30-2011 Upper Perkiomen (t) = USGS 01472199 Hillegass (t) + USGS 01472198 East Greenville (t) 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile flow includes 10-1-1996 to 9-30-2011.  
The 50th percentile flow for Upper Perkiomen is 74 CFS. 
Rating Curve 
Upper Perkiomen is an estimated contribution of water from the headwaters region of 
the Perkiomen Creek watershed.  This estimate is made by adding the streamflow of two 
nearby gauges together, so there is no rating curve for this location.  The routing from 
Upper Perkiomen to Graterford will use only Graterford channel data to calculate the 
estimated channel width and discharge/depth slope. 
The two most recent rating curves for Graterford USGS 01473000 are used for the 
estimation of channel width at the 50th percentile and the discharge/depth slope at the 
50th percentile required for routing.  The most recent rating curves for USGS 01473000 
are presented below in Table A.18-3. 
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Table A.18-3 USGS 01473000 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
12/15/2008 2.08 477 10 186 
2/9/2009 2.13 513 10 185 
3/17/2009 1.44 182 10 152 
5/12/2009 1.74 301 10 172 
7/15/2009 1.35 145 10 153 
9/22/2009 1.26 127 10 152 
10/28/2009 7.38 8060 10 220 
12/21/2009 1.84 378 10 180 
2/22/2010 1.76 316 10 175 
4/7/2010 1.89 376 10 187 
5/26/2010 1.37 152 10 153 
7/13/2010 1.72 292 10 180 
9/15/2010 1.1 83.8 10 142 
11/9/2010 1.55 223 10 158 
3/4/2011 1.92 405 10 162 
4/12/2011 2.11 529 10 187 
6/2/2011 1.34 158 10 149 
7/19/2011 1.11 90.3 10 130 
8/31/2011 1.85 377 11 161 
9/7/2011 11.32 14800 11 291 
9/7/2011 11.81 15800 11 290 
9/7/2011 11.98 16600 11 291 
11/3/2011 2.29 687 11 188 
12/20/2011 1.72 319 11 156 
 
 
 
Channel Width 
The channel width at Graterford will be used for routing from Upper Perkiomen to 
Graterford.  Channel width is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 244 CFS at Graterford.  The width at 
those conditions must be estimated due to data availability and data noise.  As 
presented below in Figure A.18-1, a relationship between discharge and channel width 
is not easily discernible and estimation is required. 
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Figure A.18-1 Graterford Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (214 – 272 
CFS).  The estimated channel width at the 50th percentile discharge is 158 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges at Graterford.  The slope at the 
50th percentile flow is desired, but by definition this measurement requires a range of 
measurements in order to estimate the slope at a particular discharge value.  In order to 
standardize the estimation of the discharge/depth slope at the 50th percentile discharge, 
the 25th to 75th percentile range of measurements is selected and the results are presented 
below in Figure A.18-2. 
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Figure A.18-2 Graterford Estimate of 50th Percentile Discharge/Depth Slope from Rating Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 440.9 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Graterford 
derived in the preceding documentation in addition to reach slope and length data are 
used in R code, provided at the end of this section, to derive the instantaneous response 
function and corresponding daily response function.  The reach characteristics used to 
calculate the instantaneous response function are presented in Table A.18-4 below. 
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Table A.18-4 Routing Upper Perkiomen to Graterford Final Parameters 
Average Reach Width 158 Ft 
 Graterford = 158 Ft 
  
Average Reach 50th Percentile Discharge 158 CFS 
 Upper Perkiomen = 74 CFS 
 Graterford = 242 CFS 
  
Average Reach Discharge/Depth Relationship 440.9 Fft2/s 
 Graterford = 440.9 Ft2/s 
  
Node Elevations Upper Perkiomen = 289.25 Ft 
 Graterford = 112.66 Ft 
  
Distance, Upper Perkiomen to Graterford 15.75 Miles 
  
Slope, Upper Perkiomen to Graterford 0.002123 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.18-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 2.79 Ft/s 
Dispersion = 235.5 Ft2/s 
The instantaneous response function is presented below in Figure A.18-3.  Water moving 
at 50th percentile discharge conditions from Upper Perkiomen takes approximately 8-10 
hours to fully reach Graterford. 
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Figure A.18-3 471 Upper Perkiomen to 475 Graterford Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.18-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.18-4. 
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Figure A.18-4 Upper Perkiomen Unit Response Function Following Convolution with a 1-Day 
Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.702 
C2 = 0.298 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Upper Perkiomen to Graterford - Routing Parameter Derivation Code 
>  
> ##Reach 471 Upper Perkiomen to 474 Graterford## 
> library(Matrix) 
> dQdy<-440.9 # Graterford dQdy 
> W<-158 # Graterford W 
> C_r2<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r2 
[1] 2.790506 
> S_r2<-0.002123 # Slope of reach 
> Q<-(242+74)/2 # Upper Perk and Graterford Averaged 
> K_r2<-(Q/W)/(2*S_r2) #K Dispersion Coefficient Ft2/s 
> K_r2 
[1] 235.5158 
> x_r2<-15.75*5280 # Distance in Ft W. Branch at Hillegass to Graterford 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> enum_r2<-matrix(0,nrow=h,ncol=1) 
> edenom_r2<-matrix(0,nrow=h,ncol=1) 
> hi_r2<-matrix(0,nrow=h,ncol=1) 
> tt_r2<-matrix(1,nrow=h,ncol=1) 
>  
>  
> ##########Instantaneous Unit Response Reach 1####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r2[i]=t*i 
+ enum_r2 = -1*((C_r2*tt_r2[i]-x_r2)^2) 
+ edenom_r2 = 4*K_r2*tt_r2[i] 
+ hi_r2[i] =(1/sqrt(4*3.14*K_r2))*(x_r2/tt_r2[i]^(3/2))*exp(enum_r2/edenom_r2) 
+ } 
>  
> r2h_inst=hi_r2*86400/h 
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 9th ordinate## 
> sum(r2h_inst[1:24]) 
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[1] 1.014641 
> adjust<-sum(r2h_inst)-1 
> adjust 
[1] 0.01464092 
>  
> r2h_final<-c(r2h_inst[1:8],r2h_inst[9]-adjust,r2h_inst[10:24]) 
> r2h_final 
 [1]  0.000000e+00 1.882479e-254 4.841580e-120  2.361211e-59  3.835219e-28 
 [6]  1.151519e-11  1.327244e-03  8.447289e-01  1.538252e-01  1.186968e-04 
[11]  1.379907e-09  7.393838e-16  3.717732e-23  2.914581e-31  5.169224e-40 
[16]  2.741838e-49  5.383901e-59  4.620100e-69  1.975060e-79  4.670603e-90 
[21] 6.650355e-101 6.110972e-112 3.837428e-123 1.727250e-134 
> sum(r2h_final) 
[1] 1 
>  
> plot(ti,r2h_final,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> write.table(r2h_final, file = "UpperPerktoGraterfordinstresp.csv", sep = ",", 
col.names=TRUE) 
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
> #Put instantaneous unit response into matrix#### 
> j<-length(r2h_final) 
> r2h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r2h_band<- list(rep(r2h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r2h_band[i]<- list(rep(r2h_final[i],n+1)) 
+ r2h_band 
+ } 
> r2h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r2h_band), symm=FALSE) 
> #r2h_matr 
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r2h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
>  
> #The unit response must be averaged for one day# 
> discreteunit3<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit3 
          [,1] 
[1,] 0.7019694 
[2,] 0.3396973 
> sum(discreteunit3) 
[1] 1.041667 
> discreteunit4<-matrix(c(discreteunit3[1],(1-discreteunit3[1])),nrow=2,ncol=1) 
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> discreteunit4 
          [,1] 
[1,] 0.7019694 
[2,] 0.2980306 
>  
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A.19.  Bradshaw Reservoir 472 
Node Number 472 
Node Name Bradshaw Reservoir 
Sub-Watershed Perkiomen Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
Reservoir 
Inflow (Yes, No, OCL) No 
  
Historical Data Availability  
Data Available N/A 
Data Source N/A 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation N/A 
Node Elevation Data Source N/A 
Upstream Node(s) N/A 
Distance to Upstream Node N/a 
Downstream Node 473 Dublin 
Distance to Downstream Node N/A 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Instantaneous Routing 
25th Percentile Discharge, CFS N/A 
50th Percentile Discharge, CFS N/A 
75th Percentile Discharge, CFS N/A 
Width at 50th Percentile Discharge, Ft N/A 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
N/A 
  
Routing to 472 Bradshaw Reservoir 
N/A 
  
Routing from 472 Bradshaw Reservoir to 473 Dublin 
472 Bradshaw Reservoir (t) = Bradshaw Reservoir (t) + Historical Dublin Streamflow 
(t) 
  
472 Bradshaw Reservoir Inflow 
N/A 
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Overview of Node 472 Bradshaw Reservoir 
Node 472 Bradshaw Reservoir is based on the operations of the Bradshaw Reservoir and 
Point Pleasant Diversion that brings water from the Delaware River into the Schuylkill 
River by Limerick Generating Station for cooling water supply during seasonally low 
streamflow conditions in the Perkiomen Creek.  Water released from Bradshaw 
Reservoir will be equivalent to the cooling water withdrawn by node 476 Limerick 
Perkiomen Demand when conditions at node 475 Graterford fall below 210 CFS.  There 
is no inflow or reservoir operating rules programmed into node 472 Bradshaw 
Reservoir.  The reservoir is given a large initial storage of water which is drawn down 
over the simulation period.  There is a minimum release from Bradshaw Reservoir of 10 
CFS that will be applied to the arc from node 472 to node 473 Dublin to meet the DRBC 
requirements of D-69-210 CP(FINAL)(Revision 12). 
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A.20.  Dublin 473 
Node Number 473 
Node Name Dublin 
Sub-Watershed Perkiomen Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Origination 
Inflow (Yes or No) Yes 
  
Historical Data Availability  
Data Available 10-01-1983 to 09-30-2011 
Data Source USGS 01472620 East Branch 
Perkiomen Creek near Dublin, 
PA 
Historical Infill Required 10-01-1947 to 09-30-1983 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Bradshaw Reservoir 
Pumping 
  
Dublin Parameters to Derive Routing  
Node Elevation 334.12 Ft 
Node Elevation Data Source USGS 01472620 
Upstream Node 472 Bradshaw Pumping 
Distance to Upstream Node N/A, Direct Routing from 472 
to 473 
Downstream Node 474 Schwenksville 
Distance to Downstream Node 19.5 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 16 CFS 
50th Percentile Discharge, CFS 26 CFS 
75th Percentile Discharge, CFS 50 CFS 
Width at 50th Percentile Discharge, Ft 36.2 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
73.5 
  
Routing to 473 Dublin from 472 Bradshaw Reservoir 
473 Dublin (t) = Bradshaw Reservoir (t) + Dublin Historical Inflow (t) 
 
Routing from 473 Dublin to 474 Schwenksville 
Reach 473 to 474: Celerity = 1.863 Ft/s, Dispersion = 201.7 Ft2/s, C1 = 0.402, C2 = 0.598 
474 Schwenksville = 0.402 * Dublin (t) + 0.598 * Dublin (t-1) + Schwenksville Historical 
Inflow (t)  
 
473 Dublin Inflow 
Dublin Historical Inflow (t) = Dublin Historical Streamflow (t) 
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Overview of Node 473 Dublin 
Node 473 Dublin is based on the location and observed gauge data of USGS 01472620 
East Branch Perkiomen Creek at Dublin, PA.  Node 473 requires an historical extension 
and an endogenous variable correction to remove the influence of Bradshaw Reservoir 
pumping from the historical USGS 01472620 streamflow record.  Water routed from 
node 472 Bradshaw Reservoir into node 473 Dublin will include a minimum release 
from Bradshaw Reservoir of 10 CFS as well as cooling water supply to Limerick 
Generating Station when streamflow at Graterford falls below 210 CFS.  Water is routed 
from node 473 Dublin to node 474 Schwenksville. 
Interference Correction – Bradshaw Reservoir Pumping 
The Limerick Nuclear Generating Station (LGS) pumps water from Bradshaw Reservoir 
into the East Branch Perkiomen Creek just upstream of the Dublin USGS 01472620 
gauging station.  Pumping from Bradshaw Reservoir into the East Branch Perkiomen 
Creek began 08-01-1989 and continues through 09-30-2011 which is the end of the 
modeling period.  The pumping from Bradshaw Reservoir must be removed from the 
historical Dublin streamflow record so that model simulations of Bradshaw Reservoir 
pumping will not over estimate the streamflow at Dublin.  Pumping records provided 
by LGS extend from 01-01-1999 to 09-30-2011.  This data will be directly subtracted from 
the Dublin USGS 01472620 streamflow record to remove pumping interference for those 
dates.  From 08-01-1989 when pumping began to 12-31-1999 when pumping data was 
made available, the historical streamflow at Dublin will be estimated based off a 
correlation with Tohickon Creek presented in Table A.20-1 below.  USGS gauge data is 
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available at Dublin from 08-01-1989 to 12-31-1998, but pumping data is not available to 
directly remove the interference as is done from 01-01-1999 to 09-30-2011. 
Historical Infill 
The streamflow at Dublin in the headwaters of the East Branch Perkiomen Creek must 
be estimated historically as well as adjusted to remove the influence of pumping from 
Bradshaw Reservoir.  The Dublin streamflow gauge, USGS 01472620 is available from 
10-01-1983 to 09-30-2011, but since 08-01-1989 has been influence by pumping water 
from Bradshaw Reservoir into the East Branch Perkiomen Creek upstream of the gauge.  
The correlations were performed using data from 10-01-1983 to 07-31-1989.  The 
correlations explored and results are below in Table A.20-1.  The selected relationship is 
presented in bold. 
 
 
 
Table A.20-1 Dublin Historical Infill Correlation Calculations 
Dependent 
Variable Y 
Independent 
Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01472620 
Dublin 
USGS 01459500 
Tohickon 0.81 0.66 11.8 -0.55 0.041 
Log USGS 
01472620 
Dublin* 
Log USGS 
01459500 
Tohickon 
0.865 0.75 0.457 -2.09 1.21 
USGS 01472620 
Dublin 
USGS 01451500 
Little Lehigh 0.664 0.442 15.06 -3.67 0.067 
 
 
 
When calculating the log of the Dublin data, problems arise due to days where the 
gauge recorded 0 CFS.  On those days a minor adjustment to change 0 CFS to 0.01 CFS 
was made in order to proceed with the log transform.  The correlation between the log 
transform of Dublin and USGS Tohickon Creek near Pipersville 01459500 was the 
433 
 
strongest.  This relationship will be used to estimate the historical Dublin streamflow 
when the gauge was not in operation. 
 
 
 
Table A.20-2 Final Dublin Historical Infill Calculations 
Date Source 
10-01-1947 to 09-30-1983 Dublin (t) = -2.09 + 1.21 * Log USGS 01459500 Tohickon 
10-01-1983 to 07-31-1989* USGS 01472620 Dublin 
08-01-1989 to 12-31-1998** Dublin (t) = -2.09 + 1.21 * Log USGS 01459500 Tohickon 
01-01-1999 to 09-30-2011 Dublin (t) = USGS 01472620 Dublin – Bradshaw Reservoir pumping data provided by LGS 
*Pumping from Bradshaw Reservoir to the East Branch Perkiomen Creek began on August 3, 
1983.  Data recorded between August 3, 1983 and July 31, 1989 is not influenced by pumping 
from Bradshaw Reservoir and may be used without adjustment. 
**Pumping data from Bradshaw Reservoir is unavailable from August 1, 1989 to December 31, 
1999.  During this period the Dublin gauge can not be corrected for pumping with observed 
pumping data so a correlation with the Tohickon Creek gauge is used to estimate the flow at 
Dublin without pumping. 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Dublin is 26 CFS, and is used as the linearizing 
flow which all routing parameters are based from. 
The data used to calculate the Dublin flow duration is based on actual streamflow data 
as measured at the gauge.  There are no corrections made for pumping from the 
Bradshaw reservoir for the flow duration calculation.  The water needs of Limerick 
Generating station will be simulated over the entire model period, 1947-2011.  Pumping 
from Bradshaw Reservoir upstream of the Dublin gauge will be simulated during this 
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full period, therefore pumping was not removed from the historical record for the flow 
duration calculation. 
Rating Curve 
The most recent rating curve for USGS 01472620 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01472620 is presented below in Table 
C.20-3. 
 
 
 
Table A.20-3 USGS 01472620 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
1/5/2007 1.7 17.1 5 33.5 
2/20/2007 1.62 12.6 5 33 
4/9/2007 1.66 14.6 5 35 
6/14/2007 1.64 13.4 5 34 
7/24/2007 1.88 31.6 5 36 
10/10/2007 1.88 30.7 5 34.5 
12/5/2007 1.69 16.2 5 33.5 
1/16/2008 1.68 16.4 5 34 
3/6/2008 1.77 22.6 5 34 
5/7/2008 1.64 13.6 5 36 
6/26/2008 1.63 13 5 34.5 
8/7/2008 1.99 38.2 5 36 
9/18/2008 1.67 12.8 5 33.5 
10/23/2008 1.95 33.7 5 34 
10/23/2008 1.9 34.1 5 37 
12/3/2008 1.69 17.3 5 35 
3/4/2009 1.65 15.7 5 38 
3/5/2009 1.64 15.5 5 38.5 
4/14/2009 1.68 17.5 5 39.5 
5/21/2009 1.63 14.7 5 38.5 
7/7/2009 1.65 15.2 5 38.5 
8/19/2009 1.65 14.9 5 38.5 
10/7/2009 1.65 14.8 5 36 
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Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
12/1/2009 1.67 17.4 5 38.5 
1/20/2010 1.66 16.5 5 37 
2/24/2010 2.19 81.6 5 40.8 
3/10/2010 1.79 26.5 5 38.5 
4/20/2010 1.64 15 5 36.5 
6/23/2010 1.63 14.9 5 36.5 
8/31/2010 1.9 39.3 5 43.5 
10/20/2010 1.52 9.06 5 37 
12/8/2010 1.67 17.2 5 39 
2/23/2011 1.69 18.5 5 36 
4/20/2011 1.72 18.7 5 39 
6/20/2011 1.64 13.8 5 37 
8/31/2011 1.69 17 5 39 
11/8/2011 1.7 18.2 5 36 
12/8/2011 1.83 28.9 5 36 
 
 
 
Channel Width 
The channel width at Dublin is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 26 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.20-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
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Figure A.20-1 Dublin Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (22 – 30 
CFS).  The estimated channel width at the 50th percentile discharge is 36.2 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.20-2. 
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Figure A.20-2 Dublin Estimate of 50th Percentile Discharge/Depth Slope from Rating Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 73.5 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Dublin 
derived in the preceding documentation are averaged with the corresponding 
downstream node characteristics.  The averaged reach characteristics in addition to 
reach slope and length data are used in R code, provided at the end of this section, to 
derive the instantaneous response function and corresponding daily response function.  
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The reach characteristics used to calculate the instantaneous response function are 
presented in Table A.20-4 below. 
 
 
 
Table A.20-4 Routing Dublin to Schwenksville Final Parameters 
Average Reach Width 65.1 Ft 
 Dublin = 36.2 Ft 
 Schwenksville = 94 Ft 
  
Average Reach 50th Percentile Discharge 47 CFS 
 Dublin = 26 CFS 
 Schwenksville = 68 CFS 
  
Average Reach Discharge/Depth Relationship 121.25 ft2/s 
 Dublin = 73.5 ft2/s 
 Schwenksville = 169 ft2/s 
  
Node Elevations Dublin = 334.12 Ft 
 Schwenksville = 150 Ft 
  
Distance, Dublin to Schwenksville 19.5 Miles 
  
Slope, Dublin to Schwenksville 0.00179 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.20-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 1.863 Ft/s 
Dispersion = 201.7 Ft2/s 
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The instantaneous response function is presented below in Figure A.20-3.  Water moving 
at 50th percentile discharge conditions from Dublin takes approximately 14-18 hours to 
fully reach Schwenksville. 
 
 
 
 
Figure A.20-3 473 Dublin to 474 Schwenksville Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.20-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.20-4. 
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Figure A.20-4 Dublin Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.402 
C2 = 0.598 
The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
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Dublin to Schwenksville - Routing Parameter Derivation Code 
> ##East Branch Perkiomen Reach 473 Dublin to 474 Schwenksville## 
> library(Matrix) 
> Qd<-26 # CFS, 50th percentile flow at Dublin 
> Qs<-68 # CFS, 50th percentile flow at Schwenksville 
> Q<-(Qd+Qs)/2 #Averaged 50th percentile flow for the reach 
> Q 
[1] 47 
> Wd<-36.2 #ft, Dublin channel width at 50th percentile flow 
> Ws<-94 #ft, Schwenksville channel  width at 50th percentile flow  
> W<-(Wd+Ws)/2 
> W 
[1] 65.1 
> S_r1<-0.00179 # Slope of reach 
> dQdyd<-73.5 # Dublin  
> dQdys<-169 # Schwenksville Confluence 
> dQdy<-(dQdyd+dQdys)/2 # Averaged dQdy for reach Dublin to Schwenksville  
> dQdy 
[1] 121.25 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 201.6665 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 1.862519 
> x_r1<-19.5*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Dublin to Schwenksville####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
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+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 16th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 1.000419 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] 0.0004193659 
>  
> r1h_final<-c(r1h_inst[1:15],r1h_inst[16]-adjust,r1h_inst[17:24]) 
> r1h_final 
 [1]  0.000000e+00  0.000000e+00  0.000000e+00 7.653725e-217 1.916467e-144 
 [6]  1.928546e-98  1.613402e-67  5.094282e-46  8.425830e-31  5.603844e-20 
[11]  2.372357e-12  4.029355e-07  9.819829e-04  8.532044e-02  5.151173e-01 
[16]  3.560322e-01  4.144884e-02  1.090617e-03  8.212772e-06  2.135807e-08 
[21]  2.233233e-11  1.063251e-14  2.554430e-18  3.373597e-22 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Dublin to Schwenksville Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
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> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.4018771 
[2,] 0.6397895 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
          [,1] 
[1,] 0.4018771 
[2,] 0.5981229 
>  
> write.table(r1h_inst, file = "DubtoSchwenkinstresp.csv", sep = ",", col.names=TRUE) 
>  
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A.21.  Schwenksville 474  
Node Number 474 
Node Name Schwenksville 
Sub-Watershed Perkiomen Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Segment 
Inflow (Yes or No) Yes 
  
Historical Data Availability  
Data Available 01-18-1991 to 09-30-2011 
Data Source USGS 01472810 
Historical Infill Required 10-01-1947 to 01-17-1991 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Bradshaw Reservoir 
Pumping 
  
Schwenksville Parameters to Derive Routing  
Node Elevation 150 Ft 
Node Elevation Data Source USGS 01472810 
Upstream Node 473 Dublin 
Distance to Upstream Node 19.5 Miles 
Downstream Node 475 Graterford 
Distance to Downstream Node 4.23 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 46 CFS 
50th Percentile Discharge, CFS 68 CFS 
75th Percentile Discharge, CFS 106 CFS 
Width at 50th Percentile Discharge, Ft 94 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
169.2 
  
Routing 473 Dublin to 474 Schwenksville 
Reach 473 to 474: Celerity = 1.863 Ft/s, Dispersion = 201.7 Ft2/s, C1 = 0.402, C2 = 
0.598 
474 Schwenksville = 0.402 * Dublin (t) + 0.598 * Dublin (t-1) + Schwenksville Historical 
Inflow (t)  
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Routing from 474 Schwenksville and 471 Upper Perkiomen to 475 Graterford 
Reach 474 to 475: Celerity = 1.8 Ft/s, Dispersion = 216.3 Ft2/s, C1 = 0.89, C2 = 0.11 
Reach 471 to 475: Celerity = 2.79 Ft/s, Dispersion = 235.5 Ft2/s, C1 = 0.702, C2 = 0.298 
475 Graterford (t) = 0.89* Schwenksville (t) + 0.11 * Schwenksville (t-1) + 0.702 * Upper 
Perkiomen (t) + 0.298 * Upper Perkiomen (t-1) + Graterford Historical Inflow (t) 
 
Schwenksville 474 Inflow Equation 
Schwenksville Historical Inflow (t) = Schwenksville Historical Streamflow (t) – 0.402 * 
Dublin (t) – 0.598 * Dublin (t-1) 
 
 
 
Overview of Node 474 Schwenksville 
Node 474 Schwenksville is based on the location and observed data of USGS 01472810 
East Branch Perkiomen Creek near Schwenksville, PA.  Node 474 requires an historical 
extension and an endogenous variable correction to remove the influence of Bradshaw 
Reservoir pumping from the USGS 01472810 streamflow record.  Water is routed from 
474 Schwenksville to 475 Graterford. 
Interference Correction – Bradshaw Reservoir Pumping 
The Limerick Nuclear Generating Station (LGS) pumps water from Bradshaw Reservoir 
into the East Branch Perkiomen Creek just upstream of USGS 01472620 Dublin.  
Pumping from Bradshaw Reservoir reaches USGS 01472810 Schwenksville at the bottom 
of the East Branch Perkiomen Creek the following day.  The pumping interference must 
be removed from the historical streamflow record differently for three periods: 08-01-
1989 to 01-17-1991, 01-18-1991 to 12-31-1998, and 01-01-1999 to 09-30-2011. 
08-01-1989 to 01-17-1991 
During this period, the Schwenksville gauge was not in operation but pumping from 
Bradshaw Reservoir was occurring.  The gauges upstream of Schwenksville, Dublin 
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USGS 01472620, and downstream of Schwenksville, Graterford 01473000, were both in 
operation at this time.  In order to remove pumping interference from Schwenksville 
from 08-01-1989 to 01-17-1991, an estimate must be made of the historical Schwenksville 
streamflow using a correlation with pumping adjusted Graterford gauge data.  In order 
to remove the interference of pumping from the Graterford gauge, a pumping dataset 
must be subtracted from that streamflow record.  Bradshaw Reservoir pumping data 
was only provided for 01-01-1999 to 09-30-2011, so it must be estimated for 08-01-1989 to 
12-31-1998. 
In order estimate Bradshaw Reservoir pumping from 08-01-1989 to 12-31-1998, the 
difference is taken between observed USGS 01472620 Dublin daily average streamflow 
and estimated Dublin streamflow based off a correlation with the Tohickon Creek near 
Pipersville USGS 01459500 daily average streamflow, Section A.20. 
Estimated Bradshaw Pumping (t) = USGS 01472620 Dublin (t) – 10(-2.09 + 1.21 * Log USGS 01459500 
Tohickon (t)) 
The observed Dublin streamflow inherently includes pumping from Bradshaw 
Reservoir, and the correlation derived streamflow does not.  Two adjustments were 
made to the resulting pumping estimate: 
1. Any negative numbers are forced to zero, because there cannot be a negative 
pumping value.  Water from Bradshaw Reservoir is only pumped into the 
East Branch, not diverted from it.  A negative number is created when the 
correlation streamflow estimate is larger than the actual streamflow at 
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Dublin.  This is due to error in the correlation equation used to estimate 
Dublin streamflow (Pearson’s r = 0.865). 
2. Any pumping estimate over 63 CFS was reduced to 63 CFS.  In twelve years 
of data submitted to PWD by LGS, the maximum observed pumping rate is 
63 CFS suggesting that pumping at a higher rate does not occur. 
Water pumped into the East Branch Perkiomen Creek near Dublin arrives at 
Schwenksville the following day.  Estimated pumping values derived as explained 
above, will be shifted forward one day prior to being subtracted from Graterford 
streamflow used in the correlation. 
01-18-1991 to 12-31-1998 
The USGS 01472810 Schwenksville gauge began recording data on 01-18-1991, a period 
where pumping from Bradshaw Reservoir into the Perkiomen Creek had been ongoing 
since 08-01-1989.  In order to remove the influence of Bradshaw Reservoir pumping from 
the Schwenksville gauge during this period, 01-18-1991 to 12-31-1998, the previously 
derived estimate of Bradshaw Reservoir pumping will be subtracted from observed 
streamflow recorded by the Schwenksville gauge. 
01-01-1999 to 09-30-2011 
During this period, the interference of Bradshaw Reservoir pumping on the 
Schwenksville gauge is removed by directly subtracting what was pumped the day 
before from Bradshaw Reservoir out of the observed USGS 01472810 Schwenksville 
data. 
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Historical Infill 
USGS 01472810 Schwenksville needs historical streamflow records estimated 10-01-1947 
to 01-17-1991, and pumping adjustments made to streamflow records from 08-01-1989 to 
09-30-2011.  The methodology for removing the influence of pumping from Bradshaw 
Reservoir on the East Branch Perkiomen is described in the previous section.  
Correlations were performed using data from 01-18-1991 to 09-30-2011.  The correlations 
explored and results are presented below in Table A.21-1.  The selected relationship is 
presented in bold. 
 
 
 
Table A.21-1 Schwenksville Historical Infill Correlation Calculations 
Dependent 
Variable Y 
Independent 
Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01472810 
Schwenksville 
USGS 
01473000 
Graterford 
0.942 0.888 86.71 16.28 0.238 
Log USGS 
01472810 
Schwenksville 
Log USGS 
01473000 
Graterford 
0.81 0.656 0.196 0.517 0.589 
 
 
 
Table A.21-2 Final Schwenksville Historical Infill Calculations 
Date Source 
10-01-1947 to 07-31-
1989 Schwenksville (t) = 0.238* USGS 01473000 Graterford(t) + 16.28 
08-01-1989 to 01-17-
1991 
Schwenksville (t) = 0.238 * (USGS 01473000 Graterford(t) - Estimated 
Bradshaw Reservoir Pumping(t-1)) + 16.28 
01-18-1991 to 12-31-
1998 
Schwenksville (t) = USGS 01472810 Schwenksville (t) - Estimated 
Bradshaw Reservoir Pumping(t-1) 
01-01-1999 to 09-30-
2011 
Schwenksville (t) = USGS 01472810 Schwenksville (t) – Observed 
Bradshaw Reservoir Pumping (t-1) 
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Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Schwenksville is 68 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
The data used to calculate the Schwenksville flow duration is based on actual 
streamflow data as measured at the gauge.  There are no corrections made for pumping 
from the Bradshaw reservoir for the flow duration calculation.  The water needs of 
Limerick Generating station will be simulated over the entire model period, 1947-2011.  
Pumping from Bradshaw Reservoir upstream of the Schwenksville and Dublin gauges 
will be simulated during this full period, therefore pumping was not removed from the 
historical record for the flow duration calculation. 
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Table A.21-3 USGS 01472810 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
1/4/2007 3.13 116 7 111 
4/10/2007 2.78 43.9 7 92 
6/19/2007 2.63 22.3 7 85 
8/13/2007 2.73 37.1 7 92 
9/27/2007 2.74 34.7 7 90 
11/7/2007 2.75 34 7 90 
12/4/2007 3.16 123 7 111 
1/18/2008 3.42 186 7 110 
3/7/2008 3.23 139 7 109 
5/6/2008 2.71 32.9 7 94 
6/25/2008 2.68 19.4 7 39.5 
6/25/2008 2.68 20.2 7 39 
8/4/2008 2.77 40.1 7 84 
9/19/2008 2.6 20.8 7 40 
10/24/2008 2.83 41.8 7 92 
12/3/2008 3.04 89.1 7 101 
4/15/2009 3.16 130 7 96.5 
5/27/2009 2.72 39.3 7 92 
7/7/2009 2.72 38.9 7 88 
8/20/2009 2.84 67.6 7 94 
10/7/2009 2.7 30.3 7 89 
10/28/2009 5.32 1410 7 128 
12/2/2009 2.78 47.8 7 88 
1/20/2010 2.92 81.8 7 85.5 
3/10/2010 3.39 211 7 104 
3/31/2010 4.14 592 7 105 
4/21/2010 2.68 34 7 91 
6/25/2010 2.57 22.2 7 91 
8/25/2010 2.6 23.2 7 89 
10/13/2010 2.92 76.5 7 89 
12/8/2010 2.84 55.9 7 90 
2/23/2011 3 92.8 7 93 
4/27/2011 3.13 130 7 99 
6/20/2011 2.66 25.7 7 89 
9/1/2011 2.89 63.8 7 90 
11/8/2011 2.86 60 7 92 
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Channel Width 
The channel width at Schwenksville is required for convolution routing, specifically 
while conditions are at the 50th percentile discharge of 68 CFS.  The width at those 
conditions must be estimated due to data availability and data noise.  As presented 
below in Figure A.21-1, a relationship between discharge and channel width is not easily 
discernible and estimation is required. 
 
 
 
 
Figure A.21-1 Schwenksville Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (64 – 74 
CFS).  The estimated channel width at the 50th percentile discharge is 94 Ft. 
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Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.21-2. 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 169.2 
Ft2/s. 
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Figure A.21-2 Schwenksville Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve 
 
 
 
Summary of Routing Parameters 
In this reach the upstream node characteristics and the downstream node characteristics 
are not averaged together to produce average reach characteristics used in the routing.  
In this reach the Schwenksville gauge is not at the confluence of the East Branch 
Perkiomen and Perkiomen Creeks, it is a couple miles upstream of the confluence.  
Additionally, the Graterford gauge is then a couple miles downstream of the confluence 
with the East Branch.  Initially direct routing was assumed for this reach, but closer 
inspection of available instantaneous data indicated a lag of approximately 4-5 hours 
existed that would ultimately add error to any estimate of water moving from the 
Perkiomen Creek into the Schuylkill River.  Due to this observed lag, routing is applied 
to this reach under the assumption that water from the East Branch tributary moves past 
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the Schwenksville gauge and onto Graterford at characteristics based off conditions at 
Schwenksville. 
The width, discharge/depth slope, and 50th percentile discharge values for 
Schwenksville derived in the preceding documentation are used as the reach routing 
parameters.  In addition to reach slope and length data, these parameters are used in R 
code, provided at the end of this section, to derive the instantaneous response function 
and corresponding daily response function.  The reach characteristics used to calculate 
the instantaneous response function are presented in Table A.21-4 below.   
 
 
 
Table A.21-4 Routing Schwenksville to Graterford Final Parameters 
Average Reach Width 94 Ft 
 Schwenksville = 94 Ft 
  
Average Reach 50th Percentile Discharge 68 CFS 
 Schwenksville = 68 CFS 
  
Average Reach Discharge/Depth Relationship 169.2 Ft2/s 
 Schwenksville = 169.2 Ft2/s 
  
Node Elevation Schwenksville = 150 Ft 
  
Distance, Schwenksville to Graterford 4.23 Miles 
  
Slope, Schwenksville to Graterford 0.001672 
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Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.21-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 1.8 Ft/s 
Dispersion = 216.3 Ft2/s 
The instantaneous response function is presented below in Figure A.21-3.  Water moving 
at 50th percentile discharge conditions from Schwenksville to Graterford takes 
approximately 3-5 hours to fully reach Graterford. 
 
 
 
 
Figure A.21-3 474 Schwenksville to 475 Graterford Instantaneous Response 
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Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.21-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.21-4. 
 
 
 
 
Figure A.21-4 Schwenksville Unit Response Function Following Convolution with a 1-Day 
Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
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and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.89 
C2 = 0.11 
The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Schwenksville to Graterford - Routing Parameter Derivation Code 
> ##474 Schwenksville to 475 Graterford## 
> library(Matrix) 
> Q<-68 # CFS, 50th percentile flow at Schwenksville 
> W<-94 #ft, Schwenksville channel width at 50th percentile flow  
> S_r1<-0.001672 # Slope of reach 
> dQdy<-169.2 # Schwenksville 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 216.3290 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 1.8 
> x_r1<-4.23*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Schwenksville to Graterford####### 
458 
 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 5th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 0.8798276 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] -0.1201724 
>  
> r1h_final<-c(r1h_inst[1:4],r1h_inst[5]-adjust,r1h_inst[6:24]) 
> r1h_final 
 [1]  6.461559e-35  1.889771e-06  5.607540e-01  3.181158e-01  1.211281e-01 
 [6]  2.116464e-07  1.063963e-11  2.126796e-16  2.305785e-21  1.632406e-26 
[11]  8.489715e-32  3.507483e-37  1.215024e-42  3.667380e-48  9.919998e-54 
[16]  2.455694e-59  5.653229e-65  1.225374e-70  2.525411e-76  4.987329e-82 
[21]  9.497410e-88  1.752946e-93  3.149126e-99 5.525747e-105 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Schwenksville to Graterford Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
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> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.8933179 
[2,] 0.1483488 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
          [,1] 
[1,] 0.8933179 
[2,] 0.1066821 
>  
> write.table(r1h_inst, file = "SchwenktoGratinstresp.csv", sep = ",", col.names=TRUE) 
> 
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A.22.  Graterford 475 
Node Number 475 
Node Name Graterford 
Sub-Watershed Perkiomen Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Confluence 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1947 to 09-30-2011 
Data Source USGS 01473000 Perkiomen 
Creek at Graterford, PA 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Bradshaw Reservoir 
Pumping 
  
Parameters to Derive Routing  
Node Elevation 112.66 Ft 
Node Elevation Data Source USGS 01473000 
Upstream Node(s) 471 Upper Perkiomen, 474 
Schwenksville 
Distance to Upstream Node To Node 471 = 15.75 Miles, To 
Node 474 = 4.23 Miles 
Downstream Node 478 Perkiomen Confluence 
Distance to Downstream Node 9.49 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 141 CFS 
50th Percentile Discharge, CFS 242 CFS 
75th Percentile Discharge, CFS 464 CFS 
Width at 50th Percentile Discharge, Ft 158 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
440.9 
  
Routing to 475 Graterford from 471 Upper Perkiomen and 474 Schwenksville 
Reach 474 to 475: Celerity = 1.8 Ft/s, Dispersion = 216.3 Ft2/s, C1 = 0.89, C2 = 0.11 
Reach 471 to 475: Celerity = 2.79 Ft/s, Dispersion = 235.5 Ft2/s, C1 = 0.702, C2 = 0.298 
475 Graterford (t) = 0.89* Schwenksville (t) + 0.11 * Schwenksville (t-1) + 0.702 * Upper 
Perkiomen (t) + 0.298 * Upper Perkiomen (t-1) + Graterford Historical Inflow (t) 
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Routing from 475 Graterford and 477 Skippack to 478 Perkiomen Confluence 
Reach 475 to 478: Celerity = 2.79 Ft/s, Dispersion = 1,455.9 Ft2/s, C1 = 0.834, C2 = 
0.166 
Reach 477 to 478: Instantaneous Routing 
478 Perkiomen Confluence (t) = 0.834 - Graterford (t) + 0.166 * Graterford (t-1) + 
Skippack (t) 
  
475 Graterford Inflow 
Graterford Historical Inflow (t) = Graterford Historical Streamflow (t) - 0.89* 
Schwenksville (t) - 0.11 * Schwenksville (t-1) - 0.702 * Upper Perkiomen (t) – 0.298 * 
Upper Perkiomen (t-1) 
 
 
 
Overview of Node 475 Graterford 
Node 473 Graterford is based on the location and observed data of USGS 01473000 
Perkiomen Creek at Graterford, PA.  Node 473 requires an adjustment to remove the 
influence of Bradshaw Reservoir pumping from the historical USGS 01473000 
streamflow record.  Water is routed from node 475 Graterford to node 478 Perkiomen. 
Interference Correction – Bradshaw Reservoir Pumping 
The Limerick Nuclear Generating Station pumps water from Bradshaw Reservoir into 
the East Branch Perkiomen Creek just upstream of the Dublin USGS 01472620 gauging 
station.  Pumping from Bradshaw Reservoir into the East Branch Perkiomen Creek 
began 08-01-1989 and continues through 09-30-2011 which is the end of the modeling 
period.  The pumping from Bradshaw Reservoir must be removed from the historical 
USGS 01472620 Dublin, USGS 01472810 Schwenksville, and USGS 01473000 Graterford 
streamflow records so that model simulations of Bradshaw Reservoir pumping will not 
over estimate the streamflow at those locations. 
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In order to remove the influence of pumping from Bradshaw Reservoir on Graterford, 
two different adjustments are made, similar to adjustments made to node 474 at 
Schwenksville. 
08-01-1989 to 12-31-1998 
During this period, the pumping from Bradshaw Reservoir was occurring but there is 
not pumping data available.  In order estimate Bradshaw Reservoir pumping from 08-
01-1989 to 12-31-1998, the difference is taken between observed Dublin USGS 01472620 
daily average streamflow and estimated Dublin streamflow based off a correlation with 
the Tohickon Creek near Pipersville USGS 01459500 daily average streamflow (Section 
A.20). 
Estimated Bradshaw Pumping (t) = Dublin (t) – 10(-2.09 + 1.21 * Log USGS 01459500 Tohickon (t)) 
The observed Dublin streamflow inherently includes pumping from Bradshaw 
Reservoir, and the correlation derived streamflow does not.  Two adjustments were 
made to the resulting pumping estimate: 
1. Any negative numbers are forced to zero, because there cannot be a negative 
pumping value.  Water from Bradshaw Reservoir is only pumped into the 
East Branch, not diverted from it.  A negative number is created when the 
correlation streamflow estimate is larger than the actual streamflow at 
Dublin.  This is due to error in the correlation equation used to estimate 
Dublin streamflow (Pearson’s r = 0.865). 
2. Any pumping estimate over 63 CFS was reduced to 63 CFS.  In twelve years 
of data submitted to PWD by Limerick Generating Station, the maximum 
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observed pumping rate is 63 CFS suggesting that pumping at a higher rate 
does not occur. 
Water pumped into the East Branch Perkiomen Creek near Dublin arrives at Graterford 
the following day.  Estimated pumping values derived as explained above, will be 
shifted forward one day prior to being subtracted from Graterford streamflow used in 
the correlation. 
01-01-1999 to 09-30-2011 
During this period, the interference of Bradshaw Reservoir pumping on the Graterford 
gauge is removed by directly subtracting what was pumped the day before from 
Bradshaw Reservoir out of the observed Graterford USGS data. 
Historical Infill 
The streamflow at Graterford does not need to be estimated historically, just adjusted to 
remove the interference from Bradshaw Reservoir pumping on the historical streamflow 
record.  
 
 
 
Table A.22-1Table C.22-1 Final Graterford Historical Adjustment Calculations 
Date Source 
10-01-1947 to 07-31-1989 USGS 01473000 Graterford (t) 
08-01-1989 to 12-31-1998 Graterford (t) = USGS 01473000 Graterford (t) – Estimated Bradshaw Reservoir Pumping (t-1) 
01-01-1999 to 09-30-2011 Graterford (t) = USGS 01473000 Graterford (t) – Observed Bradshaw Reservoir Pumping (t-1) 
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Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Graterford is 242 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
The data used to calculate the Graterford flow duration is based on actual streamflow 
data as measured at the gauge.  There are no corrections made for pumping from the 
Bradshaw reservoir for the flow duration calculation.  The water needs of Limerick 
Generating station will be simulated over the entire model period, 1947-2011.  Pumping 
from Bradshaw Reservoir upstream of the Graterford gauge will be simulated during 
this full period, therefore pumping was not removed from the historical record for the 
flow duration calculation. 
Rating Curve 
The two most recent rating curves for USGS 01473000 are used for the estimation of 
channel width at the 50th percentile and the discharge/depth slope at the 50th percentile 
required for routing.  The most recent rating curves for USGS 01473000 are presented 
below in Table A.22-2. 
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Table A.22-2 USGS 01473000 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
12/15/2008 2.08 477 10 186 
2/9/2009 2.13 513 10 185 
3/17/2009 1.44 182 10 152 
5/12/2009 1.74 301 10 172 
7/15/2009 1.35 145 10 153 
9/22/2009 1.26 127 10 152 
10/28/2009 7.38 8060 10 220 
12/21/2009 1.84 378 10 180 
2/22/2010 1.76 316 10 175 
4/7/2010 1.89 376 10 187 
5/26/2010 1.37 152 10 153 
7/13/2010 1.72 292 10 180 
9/15/2010 1.1 83.8 10 142 
11/9/2010 1.55 223 10 158 
3/4/2011 1.92 405 10 162 
4/12/2011 2.11 529 10 187 
6/2/2011 1.34 158 10 149 
7/19/2011 1.11 90.3 10 130 
8/31/2011 1.85 377 11 161 
9/7/2011 11.32 14800 11 291 
9/7/2011 11.81 15800 11 290 
9/7/2011 11.98 16600 11 291 
11/3/2011 2.29 687 11 188 
12/20/2011 1.72 319 11 156 
 
 
 
Channel Width 
The channel width at Graterford is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 242 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.22-1, a relationship between discharge and channel width is not easily discernible and 
estimation is required. 
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Figure A.22-1 Dublin Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (214 – 272 
CFS).  The estimated channel width at the 50th percentile discharge is 158 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.22-2. 
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Figure A.22-2 Graterford Estimate of 50th Percentile Discharge/Depth Slope from Rating Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 440.9 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Graterford 
derived in the preceding documentation in addition to reach slope and length data are 
used in R code, provided at the end of this section, to derive the instantaneous response 
function and corresponding daily response function.  The reach characteristics used to 
calculate the instantaneous response function are presented in Table A.22-3 below. 
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Table A.22-3 Routing Graterford to Perkiomen Confluence Final Parameters 
Average Reach Width 158 Ft 
 Graterford = 158 Ft 
  
Average Reach 50th Percentile Discharge 242 CFS 
 Graterford = 242 CFS 
  
Average Reach Discharge/Depth Relationship 440.9 Fft2/s 
 Graterford = 440.9 Ft2/s 
  
Node Elevations Graterford = 112.66 Ft 
 Perkiomen Confluence = 68.9 Ft 
  
Distance, Graterford to Perkiomen Confluence 9.49 Miles 
  
Slope, Graterford to Perkiomen Confluence 0.000526 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.22-3 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 2.79 Ft/s 
Dispersion = 1,455.9 Ft2/s 
The instantaneous response function is presented below in Figure A.22-3.  Water moving 
at 50th percentile discharge conditions from Graterford takes approximately 4-8 hours to 
fully reach the Perkiomen confluence with the Schuylkill River. 
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Figure A.22-3 475 Graterford to 478 Perkiomen Confluence Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.22-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.22-4. 
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Figure A.22-4 Dublin Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.834 
C2 = 0.166 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Graterford to Perkiomen Confluence - Routing Parameter Derivation Code 
>  
> ##Reach 124 Upper Perkiomen to 127 Graterford## 
> library(Matrix) 
> dQdy<-440.9 # Graterford dQdy 
> W<-158 # Graterford W 
> C_r2<-dQdy/W # Celerity Ft/s  
> C_r2 
[1] 2.790506 
> S_r2<-0.000526 # Slope of reach 
> Q<-242 # Graterford  
> K_r2<-(Q/W)/(2*S_r2) #K Dispersion Coefficient Ft2/s 
> K_r2 
[1] 1455.937 
> x_r2<-9.49*5280 # Distance in Ft Graterford to Perkiomen Confluence 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> enum_r2<-matrix(0,nrow=h,ncol=1) 
> edenom_r2<-matrix(0,nrow=h,ncol=1) 
> hi_r2<-matrix(0,nrow=h,ncol=1) 
> tt_r2<-matrix(1,nrow=h,ncol=1) 
>  
>  
> ##########Instantaneous Unit Response Reach 1####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r2[i]=t*i 
+ enum_r2 = -1*((C_r2*tt_r2[i]-x_r2)^2) 
+ edenom_r2 = 4*K_r2*tt_r2[i] 
+ hi_r2[i] =(1/sqrt(4*3.14*K_r2))*(x_r2/tt_r2[i]^(3/2))*exp(enum_r2/edenom_r2) 
+ } 
>  
> r2h_inst=hi_r2*86400/h 
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 8th ordinate## 
> sum(r2h_inst[1:15]) 
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[1] 0.9994674 
> adjust<-sum(r2h_inst)-1 
> adjust 
[1] -0.0005325997 
>  
> r2h_final<-c(r2h_inst[1:7],r2h_inst[8]-adjust,r2h_inst[9:24]) 
> r2h_final 
 [1] 3.510133e-33 1.018217e-09 2.095997e-03 2.385479e-01 5.522888e-01 
 [6] 1.847274e-01 2.060264e-02 1.694500e-03 4.171462e-05 1.094033e-06 
[11] 2.286921e-08 4.037162e-10 6.263602e-12 8.786399e-14 1.137701e-15 
[16] 1.380985e-17 1.590028e-19 1.752400e-21 1.862021e-23 1.918383e-25 
[21] 1.925227e-27 1.889079e-29 1.817928e-31 1.720166e-33 
> sum(r2h_final) 
[1] 1 
>  
> plot(ti,r2h_final,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> write.table(r2h_final, file = "GraterfordtoPerkConfinstresp.csv", sep = ",", 
col.names=TRUE) 
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
> #Put instantaneous unit response into matrix#### 
> j<-length(r2h_final) 
> r2h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r2h_band<- list(rep(r2h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r2h_band[i]<- list(rep(r2h_final[i],n+1)) 
+ r2h_band 
+ } 
> r2h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r2h_band), symm=FALSE) 
> #r2h_matr 
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r2h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
>  
> #The unit response must be averaged for one day# 
> discreteunit3<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit3 
          [,1] 
[1,] 0.8338146 
[2,] 0.2078520 
> sum(discreteunit3) 
[1] 1.041667 
> discreteunit4<-matrix(c(discreteunit3[1],(1-discreteunit3[1])),nrow=2,ncol=1) 
473 
 
> discreteunit4 
          [,1] 
[1,] 0.8338146 
[2,] 0.1661854 
>  
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A.23.  Limerick Perkiomen Demand 476 
Node Number 476 
Node Name Limerick Perkiomen Demand 
Sub-Watershed Perkiomen Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
Demand 
Inflow (Yes, No, OCL) N/A 
 
 
 
Node 476 Limerick Perkiomen Demand Overview 
Node 476 Limerick Perkiomen Demand represents the Perkiomen Creek withdrawals 
made by the Limerick Generating Station (LGS) diversion at Rahms, PA.  The diversion 
for 476 Limerick Perkiomen Demand is made from node 475 Graterford.  The Rahms 
diversion is located approximately one mile downstream of USGS 01473000 Graterford, 
which is the location of the gauge that node 475 Graterford is based on. 
LGS has two diversions, one on the Perkiomen Creek and one on the Schuylkill River.  
The decision by LGS to pull from either diversion is dictated by proprietary costs 
associated with having to replace water consumed for cooling water when streamflow 
falls during seasonally dry periods.  In order to simplify this decision making process for 
the Schuylkill River model simulation, one third of LGS cooling water needs are 
assigned to be withdrawn from the Perkiomen diversion as represented by node 476.  
The remaining two thirds of LGS cooling water needs will be withdrawn by the 
Schuylkill diversion represented by node 470 Limerick Schuylkill Demand. 
The demand pattern assigned to 476 Limerick Perkiomen Demand is derived from 
monthly average observed daily average total cooling water withdrawals divided by 
one third.  The annual daily average monthly withdrawal during this period for the 
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Perkiomen diversion is 16.3 CFS, and the peaking factors presented in Table A.23-1 
below are derived from this average. 
 
 
 
Table A.23-1 Limerick Perkiomen Diversion Demand Pattern 
Month 
Average Daily Total LGS 
Cooling Water 
Withdrawal by Month, 
CFS 
Estimated Average Daily 
Perkiomen Withdrawal by 
Month, CFS 
Perkiomen 
Withdrawal 
Peaking Factor 
1 43.6 14.5 0.89 
2 42.7 14.2 0.87 
3 36.4 12.1 0.74 
4 43.0 14.3 0.88 
5 51.0 17.0 1.04 
6 55.6 18.5 1.14 
7 57.5 19.2 1.18 
8 57.5 19.2 1.18 
9 54.6 18.2 1.12 
10 51.4 17.1 1.05 
11 49.0 16.3 1.00 
12 45.0 15.0 0.92 
 
The demand pattern in Table A.23-1 above will be applied throughout the modeling 
period from 10-01-1947 to 09-30-2011. 
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A.24.  Skippack Creek 477 
Node Number 477 
Node Name Skippack 
Sub-Watershed Perkiomen Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Origination 
Inflow (Yes or No) Yes 
  
Historical Data Availability  
Data Available 05-01-1966 to 09-30-1994 
Data Source USGS 01473120 Skippack 
Creek near Collegeville, PA 
Historical Infill Required 10-01-1947 to 04-30-1966, and 
10-01-1994 to 09-30-2011 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Skippack Parameters to Derive Routing  
Node Elevation 99.03 Ft 
Node Elevation Data Source USGS 01473120 
Upstream Node N/A 
Distance to Upstream Node N/A 
Downstream Node 478 Perkiomen 
Distance to Downstream Node N/A 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Instantaneous 
25th Percentile Discharge, CFS N/A 
50th Percentile Discharge, CFS N/A 
75th Percentile Discharge, CFS N/A 
Width at 50th Percentile Discharge, Ft N/A 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
N/A 
  
Routing to 477 Skippack  
N/A 
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Routing from 477 Skippack and 475 Graterford to 478 Perkiomen Confluence 
Reach 475 to 478: Celerity = 2.609 Ft/s, Dispersion = 1,372.4 Ft2/s, C1 = 0.82, C2 = 
0.18 
Reach 477 to 478: Instantaneous Routing 
478 Perkiomen Confluence (t) = 0.82 * Graterford (t) + 0.18 * Graterford (t-1) + 
Skippack (t) 
 
477 Skippack Inflow 
Skippack Historical Inflow (t) = Skippack Historical Streamflow (t) 
 
 
 
Overview of Node 477 Skippack 
Node 477 Skippack is based on the observed data and location of USGS 01473120 
Skippack Creek near Collegeville, PA.  Node 477 requires and historical extension of the 
USGS 01473120 streamflow record.  Water is routed instantaneously from node 477 to 
node 478 Perkiomen. 
Historical Infill 
The Skippack Creek gauge needs historical streamflow records estimated for 10-01-1947 
to 04-30-1966, and 10-01-1994 to 09-30-2011.  Correlations are performed with data from 
05-01-1966 to 12-31-1985.  The selected relationship is presented below Table A.24-1 in 
bold. 
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Table A.24-1 Skippack Creek Historical Infill Correlation Calculations 
Dependent 
Variable Y 
Independent 
Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01473120 
Skippack 
USGS 01473000 
Graterford 0.853 0.727 119.52 -12.59 0.209 
Log USGS 
01473120 
Skippack 
Log USGS 
01473000 
Graterford 
0.898 0.807 0.258 -1.228 1.15 
USGS 01473120 
Skippack 
USGS 01472157 
French Creek 0.75 0.56 158.1 -31.4 1.226 
 
 
 
The correlation between the log of Skippack Creek and the Perkiomen Creek at 
Graterford (USGS 01473000) was the strongest.  This relationship will be used to 
estimate the historical Skippack streamflow when the gauge was not in operation. 
 
 
 
Table C.24-2 Final Skippack Historical Infill Calculations 
Date Source 
10-01-1947 to 04-30-1966 Log Skippack (t) = -1.228 + 1.15 * Log USGS 01473000 Graterford (t) 
05-01-1966 to 09-30-1994 USGS 01473120 Skippack (t) 
10-01-1994 to 09-30-2011 Log USGS 01473120 Skippack = -1.228 + 1.15 * Log USGS 01473000 Graterford (t) 
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A.25.  Perkiomen 478 
Node Number 478 
Node Name Perkiomen  
Sub-Watershed Perkiomen Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Confluence 
Inflow (Yes or No) No 
  
Historical Data Availability  
Data Available No 
Data Source N/A 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 68.9 Ft 
Node Elevation Data Source Google Elevation Service 
Upstream Node(s) 475 Graterford 
Distance to Upstream Node 9.49 Miles 
Downstream Node 481 Valley Forge 
Distance to Downstream Node N/A 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Instantaneous 
25th Percentile Discharge, CFS N/A 
50th Percentile Discharge, CFS N/A 
75th Percentile Discharge, CFS N/A 
Width at 50th Percentile Discharge, Ft N/A 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
N/A 
  
Routing to 478 Perkiomen Confluence from 475 Graterford and 477 Skippack 
Reach 475 to 478: Celerity = 2.79 Ft/s, Dispersion = 1,455.9 Ft2/s, C1 = 0.834, C2 = 
0.166 
Reach 477 to 478: Instantaneous Routing 
478 Perkiomen Confluence (t) = 0.834 * Graterford (t) + 0.166 * Graterford (t-1) + 
Skippack (t) 
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Routing from 469 Limerick, 478 Perkiomen, 479 French Creek, and 480 Valley 
Creek to 481 Valley Forge 
Reach 469 to 481: Celerity = 2.204 Ft/s, Dispersion = 3587.5 Ft2/s, C1 = 0.567, C2 = 
0.433 
Reach 478 to 481: Instantaneous routing 
Reach 479 to 481: Celerity = 2.345 Ft/s, Dispersion = 221.9 Ft2/s, C1 = 0.875, C2 = 
0.125 
Reach 480 to 481: Instantaneous routing 
481 Valley Forge (t) = 0.567 * Limerick (t) + 0.433 * Limerick (t-1) + Perkiomen (t) + 
0.875 * French Creek (t) + 0.125 * French Creek (t-1) + Valley Creek (t) 
478 Perkiomen Inflow 
N/A 
 
 
 
Overview of Node 478 Perkiomen 
Node 478 Perkiomen is based on the location of the confluence of the Skippack Creek 
and the Perkiomen Creek.  There is no USGS at the location of node 478 and there will 
be no inflow estimated for this node.  Water is routed to node 478 Perkiomen from node 
475 Graterford using Graterford channel and flow characteristics, Section A.22.  Water is 
routed instantaneously from node 478 Perkiomen to node 481 Valley Forge. 
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A.26.  French Creek 479 
Node Number 479 
Node Name French Creek 
Sub-Watershed French Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River – Origination 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1968 to 09-30-2011 
Data Source USGS 01472157 French Creek 
near Phoenixville, PA 
Historical Infill Required 10-01-1947 to 09-30-1968 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 168 Ft 
Node Elevation Data Source USGS 01472157 
Upstream Node(s) N/A 
Distance to Upstream Node N/A 
Downstream Node 481 Valley Forge 
Distance to Downstream Node 6.42 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 34 CFS 
50th Percentile Discharge, CFS 63 CFS 
75th Percentile Discharge, CFS 113 CFS 
Width at 50th Percentile Discharge, Ft 55 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
128.99 
  
Routing to 479 French Creek  
N/A 
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Routing from 469 Limerick, 478 Perkiomen, 479 French Creek, and 480 Valley 
Creek to 481 Valley Forge 
Reach 469 to 481: Celerity = 2.204 Ft/s, Dispersion = 3587.5 Ft2/s, C1 = 0.567, C2 = 
0.433 
Reach 478 to 481: Instantaneous routing 
Reach 479 to 481: Celerity = 2.345 Ft/s, Dispersion = 221.9 Ft2/s, C1 = 0.875, C2 = 0.125 
Reach 480 to 481: Instantaneous routing 
481 Valley Forge (t) = 0.567 * Limerick (t) + 0.433 * Limerick (t-1) + Perkiomen (t) + 0.875 * 
French Creek (t) + 0.125 * French Creek (t-1) + Valley Creek (t) 
479 French Creek Inflow 
French Creek Historical Inflow (t) = French Creek Historical Streamflow (t) 
 
 
 
Overview of Node 479 French Creek 
Node 479 French Creek is based on the observed data and location of UGSS 01472157 
French Creek near Phoenixville, PA.  Node 479 requires an extension of the USGS 
01472157 streamflow record.  Water is routed from node 479 French Creek to 481 Valley 
Forge.  The distance that water is routed is 6.42 miles from USGS 01472157 to the 
confluence of French Creek and the Schuylkill River.  Water is then routed 
instantaneously from that confluence to the location of node 481 Valley Forge.  An 
additional node discretizing the instantaneous routing from the confluence of French 
Creek and the Schuylkill River could be included to match the geography of the routing 
from node 479 to 481, but is not necessary to improve routing or policy simulation. 
Historical Infill 
USGS 01472157 French Creek is available from 10-01-1968 to 09-30-2011.  Historical infill 
is needed from 10-01-1947 to 09-30-1968.  Correlations are performed with data from 10-
01-1968 to 12-31-1985.  The relationship is presented below in Table A.26-1 in bold. 
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Table A.26-1 French Creek Historical Infill Correlation Calculations 
Dependent 
Variable Y 
Independent 
Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01472157 
French Creek 
USGS 01473000 
Graterford 0.863 0.746 73.9 32.6 0.131 
Log USGS 
01472157 French 
Creek 
Log USGS 
01473000 
Graterford 
0.903 0.816 0.16 0.077 0.726 
 
 
 
The correlation between the log of French Creek and Graterford is the strongest.  This 
relationship will be used to estimate the historical French Creek streamflow when the 
gauge was not in operation. 
 
 
 
Table A.26-2 Final French Creek Historical Infill Calculations 
Date Source 
10-01-1947 to 09-30-1968 Log French Creek (t) = 0.077 + 0.726 * Log USGS 01473000 Graterford (t) 
10-01-1968 to 09-30-2011 USGS 01472157 French Creek (t) 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for French Creek is 63 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
Rating Curve 
The most recent rating curve for USGS 01472157 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01472157 is presented below in Table 
A.26-3. 
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Table A.26-3 USGS 01472157 Channel Data Used in Routing 
Date Gauge Height, Ft 
Discharge, 
CFS 
Rating 
Curve 
Width, 
Ft 
10/7/2010 4.72 61.2 18 55 
11/30/2010 4.48 33.3 18 52 
1/31/2011 4.72 42.3 18 45 
3/22/2011 5.24 158 18 55 
5/10/2011 4.93 91.7 18 55 
7/5/2011 4.41 32.9 18 51 
9/7/2011 6.98 784 18 72.7 
10/17/2011 4.89 80.8 18 53 
12/9/2011 5.57 230 18 66 
 
 
 
Channel Width 
The channel width at French Creek is required for convolution routing, specifically 
while conditions are at the 50th percentile discharge of 63 CFS.  The width at those 
conditions must be estimated due to data availability and data noise.  As presented 
below in Figure A.26-1, a relationship between discharge and channel width is not easily 
discernible and estimation is required. 
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Figure A.26-1 French Creek Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (57 – 69 
CFS).  The estimated channel width at the 50th percentile discharge is 55 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.26-2. 
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Figure A.26-2 French Creek Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 128.99 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for French Creek 
derived in the preceding documentation are used in R code, provided at the end of this 
section, to derive the instantaneous response function and corresponding daily response 
function.  The reach characteristics used to calculate the instantaneous response function 
are presented in Table A.26-4 below. 
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Table A.26-4 Routing French Creek to Valley Forge Final Parameters 
Average Reach Width 55 Ft 
 French Creek = 55 Ft 
  
Average Reach 50th Percentile Discharge 63 CFS 
 French Creek = 63 CFS 
  
Average Reach Discharge/Depth Relationship 128.99 
 French Creek = 128.99 
  
Node Elevations French Creek = 168 Ft 
 French Creek Confluence = 80.27 Ft 
  
Distance, French Creek to Valley Forge 6.42 Miles 
  
Slope, French Creek to Valley Forge 0.00257 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table C.26-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 2.529 Ft/s 
Dispersion = 239.4 Ft2/s 
The instantaneous response function is presented below in Figure A.26-3.  Water moving 
at 50th percentile discharge conditions from French Creek takes approximately 4-5 hours 
to fully reach Valley Forge. 
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Figure A.26-3 479 French Creek to 481 Valley Forge Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.26-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.26-4. 
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Figure A.26-4 French Creek Unit Response Function Following Convolution with a 1-Day 
Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.875 
C2 = 0.125 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
French Creek to Valley Forge - Routing Parameter Derivation Code 
>  
> ##Reach 479 French Creek to 481 Valley Forge## 
> ##All Parameters are based off French Creek## 
> library(Matrix) 
> dQdyF<-128.99 # French Creek 50th percentile dQdy 
> WF<-55 # French Creek 
> C_r2<-dQdyF/WF # Celerity Ft/s averaged over channel 
> C_r2 
[1] 2.345273 
> S_r2<-0.00258 # Slope of reach 
> QF<-63 # French Creek only 
> K_r2<-(QF/WF)/(2*S_r2) #K Dispersion Coefficient Ft2/s 
> K_r2 
[1] 221.9873 
> x_r2<-6.42*5280 # Distance in Ft from French Ck gauge to Schuylkill confluence 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> enum_r2<-matrix(0,nrow=h,ncol=1) 
> edenom_r2<-matrix(0,nrow=h,ncol=1) 
> hi_r2<-matrix(0,nrow=h,ncol=1) 
> tt_r2<-matrix(1,nrow=h,ncol=1) 
>  
> ##########Instantaneous Unit Response Reach 1####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r2[i]=t*i 
+ enum_r2 = -1*((C_r2*tt_r2[i]-x_r2)^2) 
+ edenom_r2 = 4*K_r2*tt_r2[i] 
+ hi_r2[i] =(1/sqrt(4*3.14*K_r2))*(x_r2/tt_r2[i]^(3/2))*exp(enum_r2/edenom_r2) 
+ } 
>  
> r2h_inst=hi_r2*86400/h 
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 4th ordinate## 
> sum(r2h_inst[1:24]) 
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[1] 1.349371 
> adjust<-sum(r2h_inst)-1 
> adjust 
[1] 0.3493707 
>  
> r2h_final<-c(r2h_inst[1:3],r2h_inst[4]-adjust,r2h_inst[5:24]) 
> r2h_final 
 [1]  1.000328e-87  8.299773e-20  9.741611e-04  9.864014e-01  1.262410e-02 
 [6]  3.172657e-07  2.711645e-13  2.813499e-20  7.178513e-28  6.875037e-36 
[11]  3.233616e-44  8.932589e-53  1.640058e-61  2.185994e-70  2.256340e-79 
[16]  1.892949e-88  1.339363e-97 8.225176e-107 4.484400e-116 2.210163e-125 
[21] 9.991931e-135 4.193372e-144 1.649840e-153 6.135405e-163 
> sum(r2h_final) 
[1] 1 
>  
> plot(ti,r2h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> write.table(r2h_final, file = "FrenchtoSchinstresp.csv", sep = ",", col.names=TRUE) 
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
> #Put instantaneous unit response into matrix#### 
> j<-length(r2h_final) 
> r2h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r2h_band<- list(rep(r2h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r2h_band[i]<- list(rep(r2h_final[i],n+1)) 
+ r2h_band 
+ } 
> r2h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r2h_band), symm=FALSE) 
> #r2h_matr 
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r2h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
>  
> #The unit response must be averaged for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.8745146 
[2,] 0.1671521 
> sum(discreteunit) 
[1] 1.041667 
> discreteunit1<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit1 
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          [,1] 
[1,] 0.8745146 
[2,] 0.1254854 
>  
> 
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A.27.  Valley Creek 480 
Node Number 480 
Node Name Valley Creek 
Sub-Watershed Valley Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Origination 
Inflow (Yes or No) Yes 
  
Historical Data Availability  
Data Available 10-01-1982 to 09-30-2011 
Data Source USGS 01473169 Valley Creek at 
PA Turnpike Bridge near 
Valley Forge 
Historical Infill Required 10-01-1947 to 09-30-1982 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Valley Forge Parameters to Derive Routing  
Node Elevation N/A 
Node Elevation Data Source N/A 
Upstream Node N/A 
Distance to Upstream Node N/A 
Downstream Node 481 Valley Forge 
Distance to Downstream Node N/A 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Instantaneous 
25th Percentile Discharge, CFS N/A 
50th Percentile Discharge, CFS N/A 
75th Percentile Discharge, CFS N/A 
Width at 50th Percentile Discharge, Ft N/A 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
N/A 
  
Routing to 480 Valley Creek 
N/A 
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Routing to 481 Valley Forge from 469 Limerick, 478 Perkiomen, 479 French Creek, 
and 480 Valley Creek 
Reach 469 to 481: Celerity = 2.204 Ft/s, Dispersion = 3587.5 Ft2/s, C1 = 0.567, C2 = 
0.433 
Reach 478 to 481: Instantaneous routing 
Reach 479 to 481: Celerity = 2.345 Ft/s, Dispersion = 221.9 Ft2/s, C1 = 0.875, C2 = 
0.125 
Reach 480 to 481: Instantaneous routing 
481 Valley Forge (t) = 0.567 * Limerick (t) + 0.433 * Limerick (t-1) + Perkiomen (t) + 0.875 
* French Creek (t) + 0.125 * French Creek (t-1) + Valley Creek (t) 
480 Valley Creek Inflow 
Valley Creek Historical Inflow (t) = Valley Creek Historical Streamflow (t) 
 
Overview of Node 480 Valley Creek 
Node 480 Valley Creek is based on the observed data and location of USGS 01473169 
Valley Creek at PA Turnpike Bridge near Valley Forge.  Node 480 requires and historical 
extension of the USGS 01473169 streamflow record.  Water is routed instantaneously 
from node 480 Valley Creek to node 481 Valley Forge. 
Historical Infill 
USGS 01473169 Valley Creek needs historical streamflow records estimated for 10-01-
1947 to 09-30-1982.  Correlations are performed with data from 10-01-1982 to 09-30-2011.  
The selected relationship is presented below in Table A.27-1 in bold.
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Table A.27-1 Valley Creek Historical Infill Correlation Calculations 
Dependent Variable Y Independent Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01473169 Valley Creek USGS 01473000 Graterford 0.801 0.642 22.76 21.56 0.0286 
Log USGS 01473169 Valley Creek Log USGS 01473000 Graterford 0.783 0.613 0.161 0.506 0.405 
USGS 01473169 Valley Creek USGS 01477000 Chester Creek 0.898 0.807 21.09 6.08 0.27 
Log USGS 01473169 Valley Creek Log USGS 01477000 Chester Creek 0.893 0.798 0.114 0.09 0.717 
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The correlation between Valley Creek and USGS 01477000 Chester Creek was the 
strongest.  This relationship will be used to estimate the historical Valley Creek 
streamflow when the gauge was not in operation. 
 
 
 
Table A.27-2 Final Valley Creek Historical Infill Calculations 
Date Source 
10-01-1947 to 09-30-1982 Valley Creek (t)  = 6.08 + 0.27 * USGS 01477000 Chester Creek 
10-01-1982 to 09-30-2011 USGS 01473169 Valley Creek (t) 
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A.28.  Valley Forge 481 
Node Number 481 
Node Name Valley Forge 
Sub-Watershed Middle Schuylkill 1 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River – Confluence 
Inflow (Yes, No, OCL) No 
  
Historical Data Availability  
Data Available No 
Data Source N/A 
Historical Infill Required N/A 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 68.89 Ft 
Node Elevation Data Source Google Elevation Service 
Upstream Node(s) 469 Limerick, 478 Perkiomen, 
479 French Creek, 480 Valley 
Creek 
Distance to Upstream Node 17.13 Miles, N/A, N/A, N/A 
Downstream Node 482 Norristown 
Distance to Downstream Node 8.36 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS N/A 
50th Percentile Discharge, CFS N/A 
75th Percentile Discharge, CFS N/A 
Width at 50th Percentile Discharge, Ft N/A 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
N/A 
  
Routing to 481 Valley Forge from 469 Limerick, 478 Perkiomen, 479 French Creek, 
and 480 Valley Creek 
Reach 469 to 481: Celerity = 2.204 Ft/s, Dispersion = 3587.5 Ft2/s, C1 = 0.567, C2 = 
0.433 
Reach 478 to 481: Instantaneous routing 
Reach 479 to 481: Celerity = 2.345 Ft/s, Dispersion = 221.9 Ft2/s, C1 = 0.875, C2 = 0.125 
Reach 480 to 481: Instantaneous routing 
481 Valley Forge (t) = 0.567 * Limerick (t) + 0.433 * Limerick (t-1) + Perkiomen (t) + 0.875 * 
French Creek (t) + 0.125 * French Creek (t-1) + Valley Creek (t) 
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Routing from 481 Valley Forge to 482 Norristown 
Reach 481 to 482: Celerity = 2.204 Ft/s, Dispersion = 4384.7 Ft2/s, C1 = 0.81, C2 = 0.19 
482 Norristown (t) = 0.81 * Valley Forge (t) + 0.19 * Valley Forge (t-1) + Norristown Historical 
Inflow (t) 
 
481 Valley Forge Inflow 
N/A 
 
 
 
Overview of Node 481 Valley Forge 
Node 481 Valley Forge is located on the Schuylkill River at the confluence of the 
Perkiomen Creek.  There are two tributaries in addition to the Perkiomen that enter the 
Schuylkill River just above Valley Forge; French Creek (node 479) and Pickering Creek.  
Pickering Creek does not have an available gauge to estimate the streamflow 
contribution to the Schuylkill River so it is not included as a node in the simulation.  
Adjacent to node 481 Valley Forge, but downstream is the confluence of Valley Creek 
(node 480) and the Schuylkill River.  Valley Creek is simulated by node 480 and will be 
routed instantaneously to node 481 Valley Forge due to their close proximity in the 
watershed. 
Water is routed by convolution to node 481 Valley Forge from node 469 Limerick.  There 
is no gauging station or observed data with which to estimate routing parameters at 
Valley Forge.  For reach 481 to 469, average Pottstown and Norristown channel width 
and 50th percentile discharges, and estimated Pottstown 50th percentile discharge/depth 
slope are used to calculate the routing parameters for this reach.  Water is routed from 
node 481 Valley Forge to node 482 Norristown using the same routing parameters, with 
adjustments made to reflect accurate reach length and slope. 
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Due to the lack of a gauging station near Valley Forge, there is no inflow to 481 Valley 
Forge.  The un-gauged areas between Pottstown and Norristown will be estimated as 
the inflow to 482 Norristown, as described in Section A.29. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for node 468 
Pottstown and Norristown derived in Sections A.15 and A.29, in addition to reach slope 
and length data are used in R code provided at the end of this section, to derive the 
instantaneous response function and corresponding daily response function.  The 
Pottstown estimated 50th percentile discharge/depth slope is used for the reach from 
Valley Forge to Norristown due to the lack of a closer gauging station and the 
complications with measuring streamflow at Norristown (Section A.29). The reach 
characteristics used to calculate the instantaneous response function are presented in 
Table A.28-1 below. 
  
500 
 
Table A.28-1 Routing Valley Forge to Norristown Final Parameters 
Average Reach Width 514.55 Ft 
 Pottstown = 301.6 
 Norristown = 727.5 
  
Average Reach 50th Percentile Discharge 1827.5 CFS 
 Pottstown = 1525 CFS 
 Norristown = 2130 CFS 
  
Average Reach Discharge/Depth Relationship 1134.3 from Pottstown 
  
Node Elevations Valley Forge = 68.8 Ft 
 Norristown = 51 Ft 
  
Distance, Valley Forge to Norristown 8.36 Miles 
  
Slope, Valley Forge to Norristown 0.000405 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.28-1 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 2.204 Ft/s 
Dispersion = 4384.7 Ft2/s 
The instantaneous response function is presented below in Figure A.28-1.  Water moving 
at 50th percentile discharge conditions from Valley Forge takes approximately 3-9 hours 
to fully reach Norristown. 
501 
 
 
Figure A.28-1 481 Valley Forge to 482 Norristown Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.28-1 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.28-2. 
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Figure A.28-2 Valley Forge Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.81 
C2 = 0.19 
503 
 
The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Valley Forge to Norristown - Routing Parameter Derivation Code 
> ##Reach 481 Valley Forge to 482 Norristown## 
> library(Matrix) 
> QN<-2130 # CFS, 50th percentile flow at Norristown  
> QVF<-1525 # CFS, 50th percentile flow at Pottstown  
> Q<-(QN+QVF)/2 #Averaged 50th percentile flow for the reach 
> Q 
[1] 1827.5 
> WN<-727.5 #ft, Norristown channel width at 50th percentile flow 
> WP<-301.6 #ft, Pottstown channel width at 50th percentile flow  
> W<-(WN+WP)/2 
> W 
[1] 514.55 
> S_r1<-0.000405 # Slope of reach 
> dQdy<-1134.3 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 4384.749 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 2.20445 
> x_r1<-8.36*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Valley Forge to Norristown####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
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+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 11th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 1.000312 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] 0.0003116436 
>  
> r1h_final<-c(r1h_inst[1:10],r1h_inst[11]-adjust,r1h_inst[12:24]) 
> r1h_final 
 [1] 3.022229e-09 1.978792e-03 6.802569e-02 2.132419e-01 2.632658e-01 
 [6] 2.066089e-01 1.260726e-01 6.603183e-02 3.133026e-02 1.390082e-02 
[11] 5.571236e-03 2.405693e-03 9.589824e-04 3.749511e-04 1.444284e-04 
[16] 5.498642e-05 2.074142e-05 7.766135e-06 2.890513e-06 1.070616e-06 
[21] 3.949698e-07 1.452354e-07 5.326056e-08 1.948788e-08 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Valley Forge to Norristown Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
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> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.8099906 
[2,] 0.2316760 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
          [,1] 
[1,] 0.8099906 
[2,] 0.1900094 
>  
> write.table(r1h_final, file = "VFtoNorrinstresp.csv", sep = ",", col.names=TRUE) 
> 
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A.29.  Norristown 482 
Node Number 482 
Node Name Norristown 
Sub-Watershed Middle Schuylkill 1 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Segment 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 08-08-2001 to 09-30-2011 
Data Source USGS 01473500 Schuylkill River 
at Norristown, PA 
Historical Infill Required 10-01-1947 to 09-30-2011 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Limerick Generating Station 
cooling water withdrawal 
  
Parameters to Derive Routing  
Node Elevation 51 Ft 
Node Elevation Data Source USGS 01473500 
Upstream Node(s) 481 Valley Forge 
Distance to Upstream Node 8.36 Miles 
Downstream Node 485 Philadelphia 
Distance to Downstream Node 11.18 Miles 
Routing to Downstream Node  
(Direct or Convolution) 
Convolution 
25th Percentile Discharge, CFS 1175 CFS 
50th Percentile Discharge, CFS 2130 CFS 
75th Percentile Discharge, CFS 3771 CFS 
Width at 50th Percentile Discharge, Ft 727.5 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
3994.1 
  
Routing to 482 Norristown from 481 Valley Forge 
Reach 481 to 482: Celerity = 2.204 Ft/s, Dispersion = 4384.7 Ft2/s, C1 = 0.81, C2 = 0.19 
482 Norristown (t) = 0.81 * Valley Forge (t) + 0.19 * Valley Forge (t-1) + Norristown 
Historical Inflow (t) 
 
Routing from 482 Norristown and 484 Wissahickon to 485 Philadelphia 
Reach 484 to 485: Instantaneous Routing 
Reach 482 to 485: Celerity = 3.436 Ft/s, Dispersion = 3254.3 Ft2/s, C1 = 0.843, C2 = 0.157 
485 Philadelphia (t) = Wissahickon (t) + 0.843 * Norristown (t) + 0.157 * Norristown (t-1) + 
Philadelphia Historical Inflow (t)  – PWD Demand (t) 
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482 Norristown Inflow 
10-01-1947 to 07-31-1989: 
Norristown Historical Inflow (t) = Norristown – 0.81 * {(0.567 * (0.983 * Pottstown (t) + 
0.017 * Pottstown (t-1))+ 0.433 * (0.983 * Pottstown (t-1) + 0.017 * Pottstown (t-2)) + (0.834 * 
Graterford (t) + 0.166 * Graterford (t-1) + Skippack (t)) + 0.875 * French Creek (t) + 0.125 * 
French Creek (t-1) + Valley Creek (t))} – 0.19 * {(0.567 * (0.983 * Pottstown (t-1) + 0.017 * 
Pottstown (t-2)))+ 0.433 * (0.983 * Pottstown (t-2) + 0.017 * Pottstown (t-3)) + (0.834 * 
Graterford (t-1) + 0.166 * Graterford (t-2) + Skippack (t-1)) + 0.875 * French Creek (t-1) + 
0.125 * French Creek (t-2) + Valley Creek (t-1)} 
08-01-1989 to 12-31-1998: 
Norristown Historical Inflow (t) = Norristown – 0.81 * {(0.567 * (0.983 * Pottstown (t) + 
0.017 * Pottstown (t-1) – Limerick Pattern (t))+ 0.433 * (0.983 * Pottstown (t-1) + 0.017 * 
Pottstown (t-2) – Limerick Pattern (t-1)) + (0.834 * Graterford (t) + 0.166 * Graterford (t-1) + 
Skippack (t)) + 0.875 * French Creek (t) + 0.125 * French Creek (t-1) + Valley Creek (t))} – 
0.19 * {(0.567 * (0.983 * Pottstown (t-1) + 0.017 * Pottstown (t-2) – Limerick Pattern (t-1)))+ 
0.433 * (0.983 * Pottstown (t-2) + 0.017 * Pottstown (t-3) – Limerick Pattern (t-2)) + (0.834 * 
Graterford (t-1) + 0.166 * Graterford (t-2) + Skippack (t-1)) + 0.875 * French Creek (t-1) + 
0.125 * French Creek (t-2) + Valley Creek (t-1)} 
01-01-1999 to 09-30-2011 
Norristown Historical Inflow (t) = Norristown – 0.81 * {(0.567 * (0.983 * Pottstown (t) + 
0.017 * Pottstown (t-1) – Limerick Observed (t))+ 0.433 * (0.983 * Pottstown (t-1) + 0.017 * 
Pottstown (t-2) – Limerick Observed (t-1)) + (0.834 * Graterford (t) + 0.166 * Graterford (t-1) 
+ Skippack (t)) + 0.875 * French Creek (t) + 0.125 * French Creek (t-1) + Valley Creek (t))} – 
0.19 * {(0.567 * (0.983 * Pottstown (t-1) + 0.017 * Pottstown (t-2) – Limerick Observed (t-1)))+ 
0.433 * (0.983 * Pottstown (t-2) + 0.017 * Pottstown (t-3) – Limerick Observed (t-2)) + (0.834 * 
Graterford (t-1) + 0.166 * Graterford (t-2) + Skippack (t-1)) + 0.875 * French Creek (t-1) + 
0.125 * French Creek (t-2) + Valley Creek (t-1)} 
****Value not estimated from channel width data, value derived by calibration of routing from 
USGS 01473500 Norristown to USGS 01474500 Fairmount Dam 
 
 
 
Overview of Node 482 Norristown 
Node 482 Norristown is based on the location and observed data of USGS 01473500 
Schuylkill River at Norristown, PA.  Node 482 requires an historical extension of the 
streamflow record for the full modeling period as well as a correction for the Limerick 
Generating Station (LGS) diversion.  The location of this node also prompted a review of 
gauge performance at low streamflow (<600 CFS) conditions due to the location of the 
gauge in a section of river divided by Barbadoes Island.  In order to compensate for 
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difficulties in measuring streamflow at seasonally low conditions, the discharge/depth 
slope at Norristown used to route water to and from node 485 Philadelphia will be 
estimated through heuristic calibration to instantaneous data.  Water routed to 482 
Norristown from 481 Valley Forge will use the discharge/depth slope derived for 468 
Pottstown, Sections A.15 and A.28. 
Interference Correction – Limerick Generating Station Cooling Water Diversion 
Node 482 Norristown is based on the location of USGS 01473500 Norristown, which is 
the first Schuylkill River mainstem gauge downstream of the LGS diversions on the 
Perkiomen Creek and Schuylkill River.  The LGS cooling water release requirements for 
Bradshaw Reservoir and Wadesville Mine Pool augment the Schuylkill River upstream 
of both the Perkiomen Creek and Schuylkill River diversions.  Even though cooling 
water release requirements offset consumptive use during seasonally low conditions, the 
inflow derived from gauged streamflow data from USGS 01472000 Pottstown to USGS 
01473500 Norristown, and the Perkiomen Creek from USGS 01473000 Graterford to the 
confluence, needs to be corrected for the LGS diversion under all conditions.  Whether 
or not the gauges at Graterford or Pottstown are influenced by cooling water releases 
from Wadesville or Bradshaw, they are upstream of the LGS diversions and Norristown 
is downstream of the diversions.  Due to the location of the diversions and the 
Norristown gauge, the inflow dataset estimated for Norristown must be derived from 
Pottstown streamflow data that has been reduced by the daily consumptive use 
diversions of LGS. 
Due to data provided by LGS, the estimated USGS Pottstown streamflow will be 
reduced by the observed daily LGS total consumptive use from 01-01-1999 to 09-30-2011.  
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For the remainder of the LGS operating period from 08-01-1989 to 12-31-1998, estimated 
Norristown streamflow will be increased by the estimated daily diversions averaged by 
month presented below in Table A.29-1. 
 
 
 
Table A.29-1 Estimated Daily LGS Consumptive Withdrawal by Month 
Month Average Daily LGS Total Consumptive Withdrawal, CFS 
1 43.6 
2 42.7 
3 36.4 
4 43.0 
5 51.0 
6 55.6 
7 57.5 
8 57.5 
9 54.6 
10 51.4 
11 49.0 
12 45.0 
 
 
 
Historical Infill 
USGS 01473500 Norristown is only available from 08-01-2001 to 09-30-2011, and 
streamflow must be estimated for the remainder of the modeling period from 10-01-1947 
to 07-31-2001.  The two gauges explored for correlations with USGS 01473500 are USGS 
01472000 Pottstown and USGS 01474500 Schuylkill River at Philadelphia.  Prior to a 
correlation with Norristown, the Pottstown gauge must be corrected for the 
consumptive use withdrawals of Limerick Generating Station (LGS).  The LGS 
withdrawals on the Schuylkill River and Perkiomen Creek are both located between the 
Pottstown and Norristown gauges.  To correct for the consumptive use withdrawals of 
LGS prior to the correlation, data provided by LGS is subtracted out of the Pottstown 
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streamflow record.  The Fairmount gauge must also be corrected prior to correlation to 
remove the interference of the Wissahickon Creek and the Philadelphia Water 
Department (PWD) diversions.  USGS 01474000 Wissahickon Creek at Mouth was 
subtracted from the USGS 01474500 Philadelphia gauge, and then the daily average 
PWD diversions were added back into the Philadelphia gauge record. 
The correlations were performed with data from 08-01-2001 to 09-30-2011.  The 
correlations explored and results are below in Table A.29-2.  The selected relationship is 
presented in bold.
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Table A.29-2 Norristown Historical Infill Correlation Calculations 
Dependent Variable Y Independent Variable X Pearson’s r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01473500 Norristown USGS 01472000 Pottstown* 0.935 0.874 1465 -99.4 1.569 
Log USGS 01473500 Norristown Log USGS 01472000 Pottstown* 0.975 0.949 0.086 0.092 1.022 
USGS 01473500 Norristown USGS 01474500 Philadelphia * 0.991 0.982 556.8 -104.8 0.949 
Log USGS 01473500 Norristown Log USGS 01474500 Philadelphia* 0.993 0.985 0.047 -0.184 1.04 
**See above explanation of corrections made to USGS 01472000 and 01474500 prior to correlation 
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All correlations explored above perform extremely well when considering the 
correlation coefficient and R2 values.  The selection of which gauge to use in the final 
correlation came down to a decision between which location in the watershed is a better 
predictor of streamflow at Norristown. 
Presented below in Figure A.29-1 are the minimum annual 7-day average discharges at 
Pottstown and Philadelphia, calculated from USGS 01472000 Pottstown and USGS 
01474500 Philadelphia with Philadelphia Water Department diversions added back into 
the observed discharge data.  Figure A.29-1 also includes the maximum annual 7-day 
average depth to water table at USGS MG225, which is a groundwater monitoring well 
located 1.75 miles away from the location of USGS 01473500 Norristown.  There is a 
clear upward trend in the water table over time at Norristown.  It is not the focus of this 
report to determine the cause of the trend, only to account for the impact the trend may 
have on observed and estimated hydrologic data. 
The streamflow statistics show a divergence in the Pottstown and Philadelphia 
minimum annual 7-day average flows as the water table at Norristown increases over 
time, with Philadelphia showing a moderately increasing trend.  It is inferred from these 
trends that if there were a long-term streamflow record at Norristown, the Norristown 
discharge would reflect the same divergence from Pottstown because the groundwater 
measurements are made in close proximity to the Norristown streamflow gauge.  
Capturing this moderately increasing trend of low streamflow is important when 
estimating Norristown streamflow, and is the reason why Philadelphia is selected as the 
gauge for the Norristown historical correlation and not Pottstown. 
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Figure A.29-1 Streamflow and Groundwater Trends in the Schuylkill River 
 
 
 
The selected correlation to estimate streamflow at Norristown will be used for the full 
modeling period from 10-01-1947 to 09-30-2011, even though there is observed data at 
Norristown for 08-01-2001 to 09-30-2011.  The correlation with Philadelphia will be used 
to estimate Norristown for the full modeling period because of inconsistencies in 
streamflow patterns at Norristown during seasonally low streamflow months from June 
to September. 
Figure A.29-2 below presents three summers where streamflow at Norristown falls 
below streamflow at Pottstown for periods ranging from one day to two weeks.  Figure 
A.29-2 presents streamflow at Pottstown and Philadelphia that are adjusted for the 
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diversions of Limerick Nuclear Generating station, the PWD, and the Wissahickon 
Creek which enters between Norristown and Philadelphia.  The adjustments are made 
to Pottstown and Philadelphia to reduce number of endogenous variables in the 
observed streamflow datasets.  Additional influences on the observed streamflow 
between the two reaches Pottstown to Norristown, and Norristown to Philadelphia 
include; consumptive use, groundwater contribution to streamflow, and streamflow 
gauge measurement error. 
Consumptive use is not likely a cause of intermittent periods of streamflow at 
Norristown falling below observed streamflow at Pottstown.  Although not 
insignificant, the consumptive use between these reaches when corrected for LGS 
diversions is not an intermittent loss of water because the remaining consumptive use is 
driven by the difference between withdrawals and discharges of water through drinking 
water plants and wastewater plants.  Even with seasonal demand fluctuations, drinking 
water plants consistently withdraw water and wastewater plants consistently discharge 
treated effluent back into the tributaries and river. 
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*Pottstown adjusted to remove the Limerick Generating Station diversion, Philadelphia adjusted 
to include Philadelphia Water Department diversion and remove USGS 01474000 Wissahickon. 
Figure A.29-2 Pottstown, Norristown, and Philadelphia Summer Streamflow for 2008, 2010, 
and 2011 
2008
100
1000
10000
6/1/2008 6/21/2008 7/11/2008 7/31/2008 8/20/2008 9/9/2008 9/29/2008
D
is
ch
ar
ge
, C
FS
2010
100
1000
10000
6/1/2010 6/21/2010 7/11/2010 7/31/2010 8/20/2010 9/9/2010 9/29/2010
D
is
ch
ar
ge
, C
FS
2011
100
1000
10000
6/1/2011 6/21/2011 7/11/2011 7/31/2011 8/20/2011 9/9/2011 9/29/2011
D
is
ch
ar
ge
, C
FS
Pottstown, USGS 01472000*
Norristown, USGS 01473500
Philadelphia, USGS 01474500*
516 
 
It is likely that measurement error is the cause of streamflow at Norristown falling 
below streamflow at Pottstown, where either Pottstown may be over-estimated and/or 
Norristown may be under-estimated during seasonally low river conditions.  USGS 
01473500 Norristown is located on the downstream tip of Barbadoes Island, which 
bisects the river section the gauge is located on.  The Norristown gauge estimates 
streamflow on both sides of Barbadoes Island using one rating curve.  The difficulties 
with estimating streamflow on a river segment with two channels from one rating curve 
may account for the inconsistent relationship between Pottstown and Norristown 
streamflow at seasonally low conditions. 
The estimate of historical Norristown streamflow for the full modeling period aims to 
remove all endogenous variables prior to use in the Schuylkill River model.  The recent 
inconsistencies described in the previous paragraphs would be present in the ten years 
of available observed Norristown data if that were to be used in conjunction with 
estimates from the Philadelphia correlation to form the historical Norristown 
streamflow.  In order to avoid those known inconsistencies being carried through into 
the model by the inflow calculations, and having an impact on model results, the 
historical Norristown streamflow will be generated from the correlation for the full 
modeling period and will not include the most recent 10 years of observed data. 
Figure A.29-3 below presents the information from Figure A.29-2 above, but includes the 
estimated Norristown streamflow to graphically present how the correlation is 
performing (R2 = 0.985).  The final correlation equation and dates where the equation is 
applied are presented below in Table A.29-3. 
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Table A.29-3 Final Norristown Historical Streamflow Calculations 
Date Source 
10-01-1947 to 09-30-2011 Norristown =  (- 0.184 * Log USGS 01474500 Philadelphia**) + 1.04 
** Daily average discharge adjusted for Philadelphia Water Department diversion, Section C.32 
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*Pottstown adjusted to remove the Limerick Generating Station diversion, Philadelphia adjusted 
to include Philadelphia Water Department diversion and remove USGS 01474000 Wissahickon. 
 
Figure A.29-3 Pottstown, Norristown, and Philadelphia Summer Streamflow for 2008, 2010, 
and 2011 
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Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Norristown is 2130 CFS, and is used as the 
linearizing flow which all routing parameters are estimated from. 
Rating Curve 
The most recent rating curve for USGS 01473500, curve number 5, is not used to 
calculate routing parameters due to lack of data.  At the time of model development, 
rating curve 5 only contains one measurement between the 25th and 75th percentile 
discharge.  Instead, the prior rating curve, number 4.1, is used for the estimation of 
channel width at the 50th percentile and the discharge/depth slope at the 50th percentile 
required for routing.   
At the Norristown gauge location, Barbadoes Island splits the Schuylkill River into two 
channels.  The Norristown gauge is located at the downstream tip of Barbadoes Island, 
and channel measurements are recorded for the main channel (1) and the overflow 
channel (2) around the island.  The total discharge at Norristown equals the sum of the 
main channel and the overflow channel.  The estimate of routing parameters will use 
data from the rating curve for the main channel (1) only.  Rating curve number 4.1 for 
the main channel (1) and overflow channel (2) at USGS 01473500 is presented below in 
Table A.29-4. 
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Table A.29-4 USGS 01473500 Channel Data Used in Routing 
Date Gauge Height, Ft 
Total 
Discharge, 
CFS 
Rating 
Curve Channel 
Channel 
Discharge, 
CFS 
Width, 
Ft 
10/17/2007 7.88 685 4.1 1 685 728 
12/12/2007 8.42 2530 4.1 1 2530 700 
2/6/2008 8.95 4540 4.1 1 4540 705 
4/3/2008 8.46 2520 4.1 1 2520 1018 
7/17/2008 7.88 749 4.1 1 749 821 
8/28/2008 7.76 307 4.1 1 307.3 710 
1/8/2009 9.43 6570 4.1 1 6570 725 
3/25/2009 8.04 1080 4.1 1 1060 724 
5/21/2009 8.51 2570 4.1 1 2530 726 
7/23/2009 8.05 1140 4.1 1 1120 727 
9/15/2009 8.38 1970 4.1 1 1950 724 
11/6/2009 8.47 2430 4.1 1 2400 731 
1/12/2010 8.34 1820 4.1 1 1780 710 
3/4/2010 9.31 6100 4.1 1 6100 745 
4/7/2010 8.83 3920 4.1 1 3920 736 
6/4/2010 8.08 1160 4.1 1 1160 762 
7/30/2010 7.9 688 4.1 1 688 742 
9/15/2010 7.79 435 4.1 1 435 721 
3/25/2009 8.04 1080 4.1 2 15.8 39 
5/21/2009 8.51 2570 4.1 2 42 44 
7/23/2009 8.05 1140 4.1 2 20.9 41 
9/15/2009 8.38 1970 4.1 2 25.5 42 
11/6/2009 8.47 2430 4.1 2 38 46 
1/12/2010 8.34 1820 4.1 2 39.4 44 
 
 
 
Channel Width 
The channel width at Norristown is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 2130 CFS.  The width at those conditions 
must be estimated due to data availability and data noise.  As presented below in Figure 
A.29-4, a relationship between discharge and channel width is not easily discernible and 
estimation is required.  The data presented below is for the main channel only. 
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Figure A.29-4 Norristown Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (1890 – 
2406 CFS).  The estimated channel width at the 50th percentile discharge is 727.5 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.29-5. 
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Figure A.29-5 Norristown Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 3994.1 
Ft2/s. 
Summary of Routing Parameters 
The routing parameters calculated from the Norristown rating curve will not be used 
due to measurement complications from the location of the Norristown gauge and the 
channelization of the location of downstream node 132 Philadelphia.  At Norristown the 
channel width measurements capture only the main channel and the discharge/depth 
slope captures the discharge in two channels.  At Philadelphia the river is channelized, 
and although the discharge depth slope is similar in value to that calculated for 
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Norristown, the channel width measured at Philadelphia is approximately one third of 
the Norristown channel width.  These discrepancies in the channel measurements 
necessitate the estimation of the routing parameters by calibration to instantaneous data. 
When calculating the daily response coefficients for other model reaches, the observed 
channel measurements are used according to the methodology summarized in Section 
3.1.4 to calculate an instantaneous response function prior to convolution and the 
discretization of the unit response function into daily routing coefficients.  To estimate 
the routing parameters for the reach from Norristown to Philadelphia, the Norristown 
channel width (727.5 Ft) will be applied as the average for the reach, and the 
discharge/depth slope will be varied until the instantaneous response function, when 
applied to instantaneous data, matches peak timing and attenuation.  Although water is 
routed in the model from 482 Norristown to 485 Philadelphia, in this calibration the 
average discharge/depth slope for the reach water will be routed from 482 Norristown 
to 487 Fairmount Dam (15.08 miles, slope = 0.000568) to incorporate the correct distance 
and slope between the two gauges recording instantaneous data.  The discharge/depth 
slope identified will be used to route water from 482 Norristown to 485 Philadelphia, as 
summarized in Table A.29-5.  The same routing parameters will then be used to route 
water from 485 Philadelphia to 487 Fairmount Dam. 
A heuristic calibration approach is used to match the time it takes peak flows to move 
from Norristown to Fairmount Dam.  Four examples of storm events are selected to 
calibrate the discharge/depth routing parameters.  These four examples are selected due 
to the range of discharges near the 50th percentile streamflow at Norristown and they 
originated from storms upstream of Norristown.  In these examples the Fairmount Dam 
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hydrograph is rising due to baseflow in the reach and water traveling from Norristown.  
No inflow is estimated to be applied to this calibration, so the water routed from 
Norristown to Philadelphia is examined for timing and peak dispersion not magnitude.  
Figure A.29-6 below presents the instantaneous results from varying the 
discharge/depth slope. 
The blue line in Figure A.29-6 below is the discharge depth slope calculated from the 
Norristown rating curve, which causes the peak flow to arrive to Fairmount Dam early, 
indicating the value is too high.  The discharge/depth slope was then reduced to 3,000 
which produced better results, although the peaks were still arriving slightly ahead of 
time.  Once the discharge/depth slope was reduced to 2,500 the peaks were aligning in 
the four examples below in Figure A.29-6.  2,5000 is selected as the discharge/depth 
slope that will be used to route water from node 482 Norristown to node 485 
Philadelphia, and node 485 Philadelphia to node 487 Fairmount Dam. 
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**Fairmount Dam dataset adjusted to include Philadelphia Water Department diversions 
Figure A.29-6 Calibration of dQ/dy Parameter to Calculate Instantaneous Response Function for Norristown to Fairmount Dam 
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Table A.29-5 Routing Norristown to Philadelphia Final Parameters 
Average Reach Width 727.5 Ft* 
  
Average Reach 50th Percentile Discharge 2296.5 CFS 
 Norristown = 2130 CFS 
 Philadelphia = 2463 CFS 
  
Average Reach Discharge/Depth Relationship 2500** 
  
Node Elevations Norristown = 51 Ft 
 Philadelphia = 22.4 Ft 
  
Distance, Norristown to Philadelphia  11.18 Miles 
  
Slope, Norristown to Philadelphia  0.000485 
*Norristown channel width used for entire reach 
**Calibrated value, not derived from observed channel data 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.29-5 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 3.436 Ft/s 
Dispersion = 3254.3 Ft2/s 
The instantaneous response function is presented below in Figure A.29-7.  Water moving 
at 50th percentile discharge conditions from Norristown takes approximately 3-7 hours 
to fully reach Philadelphia. 
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Figure A.29-7 482 Norristown to 485 Philadelphia Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.29-7 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.29-8. 
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Figure A.29-8 Norristown Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.843 
C2 = 0.157 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Norristown to Philadelphia - Routing Parameter Derivation Code 
##Norristown 482 to 485 Philadelphia## 
> library(Matrix) 
> QN<-2130 # CFS, 50th percentile flow at Norristown 
> QP<-2463 # CFS, 50th percentile flow at Fairmount 
> Q<-(QN+QP)/2 #Averaged 50th percentile flow for the reach 
> Q 
[1] 2296.5 
> W<-727.5 # Norristown channel width at 50th percentile flow, applied as reach 
average 
> S_r1<-0.000485# Slope of reach 
> dQdy<-2500 # From calibration 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 3254.331 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 3.436426 
> x_r1<-(11.18)*5280 # Distance in Ft Norristown to PWD 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Norristown to Philadelphia####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
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>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 7th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 1.000415 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] 0.0004150644 
>  
> r1h_final<-c(r1h_inst[1:6],r1h_inst[7]-adjust,r1h_inst[8:24]) 
> r1h_final 
 [1] 3.244591e-20 6.136157e-06 3.073473e-02 3.741004e-01 4.206772e-01 
 [6] 1.456405e-01 2.549167e-02 3.053189e-03 2.742875e-04 2.041961e-05 
[11] 1.327998e-06 7.813115e-08 4.259445e-09 2.188645e-10 1.073178e-11 
[16] 5.068131e-13 2.321366e-14 1.036825e-15 4.534952e-17 1.948966e-18 
[21] 8.252262e-20 3.450092e-21 1.426782e-22 5.845191e-24 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Norristown to Philadelphia Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
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>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.8428582 
[2,] 0.1988085 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
          [,1] 
[1,] 0.8428582 
[2,] 0.1571418 
>  
> write.table(r1h_inst, file = "NtoPinstresp.csv", sep = ",", col.names=TRUE) 
>  
> 
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A.30.  Ft. Washington 483 
Node Number 483 
Node Name Ft. Washington 
Sub-Watershed Wissahickon Creek 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Origination 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 09-01-1961 to 03-30-1969, 06-01-
2000 to 09-30-2011 
Data Source USGS 01473900 Wissahickon 
Creek at Fort Washington, PA 
Historical Infill Required 10-01-1947 to 08-31-1961, 04-01-
1969 to 05-31-2000 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 140 Ft 
Node Elevation Data Source USGS 01473900 
Upstream Node(s) N/A 
Distance to Upstream Node N/A 
Downstream Node 484 Wissahickon 
Distance to Downstream Node 9.68 Miles 
Routing to Downstream Node  
(Direct or Convolution) 
Convolution 
25th Percentile Discharge, CFS 25 CFS 
50th Percentile Discharge, CFS 43 CFS 
75th Percentile Discharge, CFS 76 CFS 
Width at 50th Percentile Discharge, Ft 65.7 Ft 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
104.32 
  
Routing to 483 Ft. Washington 
N/A 
  
Routing from 483 Ft. Washington to 484 Wissahickon 
Reach 483 to 484: Celerity = 1.588 Ft/s, Dispersion = 188.5 Ft2/s, C1 = 0.669, C2 = 0.331 
484 Wissahickon (t) = 0.669 * Ft. Washington (t) + 0.331 * Ft. Washington (t-1) + 
Wissahickon Historical Inflow (t) 
  
483 Ft. Washington Inflow 
Ft. Washington Historical Inflow (t) = Ft. Washington Historical Streamflow (t) 
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Overview Node 483 Ft. Washington 
Node 483 Ft. Washington is based on USGS 01473900 Wissahickon Creek at Fort 
Washington, PA, located on the Wissahickon Creek.  Node 483 requires an historical 
extension of the streamflow record.  Water is routed from node 483 Ft. Washington to 
node 484 Wissahickon. 
Historical Infill 
The streamflow at Ft. Washington on the Wissahickon Creek must be estimated 
historically from 10-01-1947 to 08-31-1961 and 04-01-1969 to 05-31-2000.  The Ft. 
Washington streamflow gauge, USGS 01473900 is available from 09-01-1961 to 03-30-
1969 and 06-01-2000 to 09-30-2011.  The correlations were performed with data from 06-
01-2000 to 09-30-2011.  The correlations explored and results are below in Table A.30-1.  
The selected relationship is presented in bold. 
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Table A.30-1 Ft. Washington Historical Infill Correlation Calculations 
Dependent Variable Y Independent Variable X Pearson’s r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01473900 Ft. Washington USGS 01459500 Tohickon 0.72 0.524 128.02 26.05 0.209 
USGS 01473900 Ft. Washington USGS 01451500 Little Lehigh 0.568 0.323 152.8 8.02 0.603 
USGS 01473900 Ft. Washington USGS 01477000 Chester Creek 0.834 0.696 102.4 -12.81 0.899 
USGS 01473900  Ft. Washington USGS 01465500 Langhorne 0.862 0.744 94.01 8.86 0.201 
Log USGS 01473900 Ft. Washington Log USGS 01465500 Langhorne 0.903 0.816 0.163 -0.106 0.781 
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The correlation between the log of Fort Washington and USGS 01465500 Neshaminy 
Creek at Langhorne PA was the strongest and will be used to fill in the historical 
streamflow record at Ft. Washington. 
 
 
 
Table C.30-2 Final Ft. Washington Historical Infill Calculations 
Date Source 
10-01-1947 to 08-31-1961 Log Wissahickon = -0.106 + 0.781 * Log USGS 01465500 Langhorne 
09-01-1961 to 03-31-1969 USGS 01473900 
04-01-1969 to 05-31-2000 Log Wissahickon = -0.106 + 0.781 * Log 01465500 Langhorne 
06-01-2000 to 09-30-2011 USGS 01473900 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Ft. Washington is 26 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
Rating Curve 
The most recent rating curve for USGS 01473900, rating curve 12, did not have enough 
channel measurements within the 25th-75th percentile discharge range.  The previous 
rating curve, rating curve 11, is used for the estimation of channel width at the 50th 
percentile and the discharge/depth slope at the 50th percentile required for routing.  
Rating curve 11 for USGS 01473900 is presented below in Table A.30-2. 
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Table A.30-2 USGS 01473900 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
10/8/2002 2.05 11.4 11 49 
11/7/2002 2.28 32.8 11 55 
1/13/2003 2.38 47 11 57.4 
3/4/2003 2.66 94 11 60 
4/17/2003 2.45 62.5 11 68 
5/30/2003 2.35 49.8 11 51 
7/16/2003 2.22 27.4 11 67.5 
9/2/2003 2.45 56.6 11 62.5 
10/22/2003 2.29 36.7 11 71 
12/10/2003 2.44 57.1 11 57 
2/20/2004 2.38 48.1 11 71.5 
4/19/2004 2.63 87.2 11 64 
6/1/2004 2.36 46 11 71.5 
6/29/2004 2.32 43 11 72 
9/10/2004 2.3 33.2 11 73 
10/26/2004 2.43 35 11 61 
1/31/2005 2.51 53.7 11 67.5 
3/21/2005 2.55 56.6 11 70 
7/13/2005 2.33 23 11 54 
8/16/2005 2.31 21 11 55 
11/14/2005 2.38 22.6 11 54 
1/10/2006 2.52 52.2 11 72 
1/18/2006 7.7 1960 11 76 
1/23/2006 4.64 602 11 75 
1/23/2006 4.09 422 11 75 
3/3/2006 2.38 49.6 11 61 
5/1/2006 2.26 38.5 11 65 
7/10/2006 2.32 37 11 46 
8/18/2006 2.08 18.4 11 62 
9/29/2006 2.54 72.5 11 52 
11/14/2006 3.01 154.7 11 68 
1/16/2007 2.57 68.2 11 66 
1/17/2007 2.52 60.7 11 63 
2/22/2007 2.4 47.9 11 60 
4/16/2007 6.55 1540 11 75 
6/13/2007 2.41 51.4 11 63 
9/25/2007 2.04 14.1 11 45.5 
11/14/2007 2.19 21.5 11 55 
11/20/2007 2.26 31.1 11 50 
1/2/2008 2.57 67.2 11 60 
2/14/2008 3.16 180 11 70 
4/8/2008 2.37 37.7 11 56 
5/21/2008 2.71 95.5 11 71 
7/9/2008 2.12 18.6 11 55 
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Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
10/21/2008 2.09 13.8 11 52 
12/19/2008 3.52 250 11 73 
2/10/2009 2.34 42.3 11 54 
4/14/2009 2.71 85.5 11 64 
6/3/2009 2.34 42.1 11 70 
7/24/2009 2.44 50.5 11 48 
9/17/2009 2.38 39.6 11 70 
10/29/2009 3 148 11 72 
12/15/2009 2.8 109 11 69.5 
4/2/2010 2.99 143 11 68.2 
6/9/2010 2.17 22.6 11 58 
9/1/2010 2.08 18.1 11 68 
 
 
 
Channel Width 
The channel width at Ft. Washington is required for convolution routing, specifically 
while conditions are at the 50th percentile discharge of 43 CFS.  The width at those 
conditions must be estimated due to data availability and data noise.  As presented 
below in Figure A.30-1, a relationship between discharge and channel width is not easily 
discernible and estimation is required. 
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Figure A.30-1 Ft. Washington Estimated Channel Width 
 
 
 
In order to estimate the channel width at the 50th percentile discharge, the average was 
taken of the rating curve measurements between the 45th and 55th percentiles (25 – 76 
CFS).  The estimated channel width at the 50th percentile discharge is 65.7 Ft. 
Discharge/Depth Slope 
The change in discharge with regards to depth is required for convolution routing and is 
measured here as the slope of the rating curve discharge and gauge height 
measurements from the 25th to 75th percentile discharges.  The slope at the 50th percentile 
flow is desired, but by definition this measurement requires a range of measurements in 
order to estimate the slope at a particular discharge value.  In order to standardize the 
estimation of the discharge/depth slope at the 50th percentile discharge, the 25th to 75th 
percentile range of measurements is selected and the results are presented below in 
Figure A.30-2. 
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Figure A.30-2 Ft. Washington Estimate of 50th Percentile Discharge/Depth Slope from Rating 
Curve 
 
 
 
According to the slope of the line between the 25th and 75th percentile discharge and 
corresponding gauge height values, the 50th percentile discharge/depth slope is 104.32 
Ft2/s. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Ft. 
Washington derived in the preceding documentation are averaged with downstream 
node 484 Wissahickon streamflow.  The 484 Wissahickon channel width and discharge 
depth/slope are excluded due to channelization of the gauge location.  The reach 
characteristics in addition to reach slope and length data are used in R code, provided at 
the end of this section, to derive the instantaneous response function and corresponding 
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daily response function.  The reach characteristics used to calculate the instantaneous 
response function are presented in Table A.30-3below. 
 
 
 
Table A.30-3 Routing Ft. Washington to Wissahickon Final Parameters 
Average Reach Width 65.7 Ft 
 Ft. Washington = 65.7 Ft* 
  
Average Reach 50th Percentile Discharge 55 CFS 
 Ft. Washington = 43 CFS 
 Wissahickon = 67 CFS 
  
Average Reach Discharge/Depth Relationship 104.32 
 Ft. Washington = 104.32* 
  
Node Elevations Ft. Washington = 140 Ft 
 Wissahickon = 26.41 Ft 
  
Distance, Ft. Washington to Wissahickon 9.68 Miles 
  
Slope, Ft. Washington to Wissahickon 0.00222 
*Wissahickon width and dQ/dy excluded due to channelization at gauge location 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.30-3 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 1.588 Ft/s 
Dispersion = 188.5 Ft2/s 
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The instantaneous response function is presented below in Figure A.30-3.  Water moving 
at 50th percentile discharge conditions from Ft. Washington takes approximately 8-10 
hours to fully reach Wissahickon. 
 
 
 
 
Figure A.30-3 483 Ft. Washington to 484 Wissahickon Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.30-3 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.30-4. 
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Figure A.30-4 Ft. Washington Unit Response Function Following Convolution with a 1-Day 
Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.669 
C2 = 0.331 
543 
 
The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Ft. Washington to Wissahickon - Routing Parameter Derivation Code 
> ##Ft Washington 483 to Wissahickon 484## 
> library(Matrix) 
> QFW<-43 # CFS, 50th percentile flow at Ft Washington 
> QW<-67 # CFS, 50th percentile flow at Wissahickon 
> Q<-(QFW+QW)/2 #Averaged 50th percentile flow for the reach 
> Q 
[1] 55 
> W<-65.7 #ft, Ft Washington channel width at 50th percentile flow 
> W 
[1] 65.7 
> S_r1<-0.00222 # Slope of reach 
> dQdy<-104.32 # Ft Washington 
> dQdy 
[1] 104.32 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 188.5447 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 1.587823 
> x_r1<-9.68*5280 # Distance in Ft 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Ft Washington to Wissahickon####### 
>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
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+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 11th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 0.9991401 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] -0.0008599113 
>  
> r1h_final<-c(r1h_inst[1:10],r1h_inst[11]-adjust,r1h_inst[12:24]) 
> r1h_final 
 [1]  0.000000e+00 7.521239e-126  1.066963e-61  2.725549e-32  9.042490e-17 
 [6]  3.463047e-08  1.450124e-03  2.039621e-01  6.453521e-01  1.436901e-01 
[11]  5.509902e-03  3.546248e-05  8.904609e-08  9.347065e-11  4.885924e-14 
[16]  1.450095e-17  2.701249e-21  3.414275e-25  3.113901e-29  2.152476e-33 
[21]  1.173483e-37  5.212538e-42  1.937855e-46  6.166081e-51 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Ft Washington to Wissahickon Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
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> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
          [,1] 
[1,] 0.6688352 
[2,] 0.3728314 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
          [,1] 
[1,] 0.6688352 
[2,] 0.3311648 
>  
> write.table(r1h_inst, file = "FWtoWissinstresp.csv", sep = ",", col.names=TRUE) 
> 
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A.31.  Wissahickon 484 
Node Number 484 
Node Name Wissahickon 
Sub-Watershed Wissahickon 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River - Segment 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1965 to 09-30-2011 
Data Source USGS 01474000 Wissahickon 
Creek at Mouth, Philadelphia, 
PA 
Historical Infill Required 10-01-1947 to 09-30-1965 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 26.41 Ft 
Node Elevation Data Source USGS 01474000 
Upstream Node(s) 484 Ft. Washington 
Distance to Upstream Node 9.68 Miles 
Downstream Node 485 Philadelphia 
Distance to Downstream Node N/A 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Instantaneous Routing 
25th Percentile Discharge, CFS 48 CFS 
50th Percentile Discharge, CFS 67 CFS 
75th Percentile Discharge, CFS 114 CFS 
Width at 50th Percentile Discharge, Ft N/A 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
N/A 
  
Routing to 484 Wissahickon from 483 Ft. Washington 
Reach 483 to 484: Celerity = 1.588 Ft/s, Dispersion = 188.5 Ft2/s, C1 = 0.669, C2 = 
0.331 
484 Wissahickon (t) = 0.669 * Ft. Washington (t) + 0.331 * Ft. Washington (t-1) + 
Wissahickon Historical Inflow (t) 
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Routing from 484 Wissahickon and 482 Norristown to 485 Philadelphia Water 
Department 
Reach 484 to 485: Instantaneous Routing 
Reach 482 to 485: Celerity = 3.436 Ft/s, Dispersion = 3254.3 Ft2/s, C1 = 0.843, C2 = 
0.157 
485 Philadelphia (t) = Wissahickon (t) + 0.843 * Norristown (t) + 0.157 * Norristown (t-1) 
+ Philadelphia Historical Inflow (t)  – PWD Demand (t) 
  
484 Wissahickon Inflow 
Wissahickon Historical Inflow (t) = Wissahickon Historical Streamflow (t) - 0.669 * Ft. 
Washington (t) - 0.331 * Ft. Washington (t-1) 
 
 
 
Overview of Node 484 Wissahickon 
Node 484 Wissahickon is based on USGS 01474000 Wissahickon Creek at Mouth, 
Philadelphia, PA, located on the Wissahickon Creek.  Node 484 requires an historical 
extension of the streamflow record.  Water is instantaneously routed from node 484 
Wissahickon to node 485 Philadelphia Water Department.  There is a deviation from the 
methodology used at other nodes to estimate the channel width at the 50th percentile 
discharge. 
Historical Infill 
The streamflow at 484 Wissahickon must be estimated historically from 10-01-1947 to 09-
30-1965.  The Wissahickon at Mouth streamflow gauge, USGS 01474000, is available 
from 10-01-1965 to 09-30-2011.  The correlations were performed with data from 09-30-
1965 to 09-30-2011.  The correlations explored and results are below in Table A.31-1.  The 
selected relationship is presented in bold. 
  
548 
 
Table A.31-1 Wissahickon Historical Infill Correlation Calculations 
Dependent 
Variable Y 
Independent 
Variable X 
Pearson’s 
r 
R 
squared 
Standard 
Error Intercept Coefficient 
USGS 01474000 
Wissahickon 
USGS 01473900 
Ft. Washington 0.952 0.908 84.5 8.28 1.431 
Log USGS 
01474000 
Wissahickon 
Log USGS 
01473900 Ft. 
Washington 
0.97 0.94 0.083 0.452 0.865 
 
 
 
The correlation between the log of Wissahickon and USGS 01473900 at Ft. Washington is 
the strongest and will be used to fill in the historical streamflow record at Wissahickon. 
 
 
 
Table A.31-2 Final Wissahickon Historical Infill Calculations 
Date Source 
10-01-1947 to 09-30-1965 Log Wissahickon = 0.452 + 0.865 * Log USGS 01473900 
Ft. Washington 
10-01-1965 to 09-30-2011 USGS 01474000 
 
 
 
Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Wissahickon is 67 CFS, and is used as the 
linearizing flow which all routing parameters are based from. 
Rating Curve 
The most recent rating curve for USGS 01474000 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01474000 is presented below in Table 
A.31-3. 
Table A.31-3 USGS 01474000 Channel Data Used in Routing 
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Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
1/4/2008 2.36 72.3 11 63 
1/28/2008 2.32 61.5 11 64 
3/20/2008 3.34 592 11 79 
3/20/2008 3.17 455 11 80 
5/7/2008 2.29 46.8 11 62 
7/1/2008 2.24 36.1 11 52 
8/11/2008 2.31 47.9 11 58 
8/21/2008 1.97 25.2 11 54 
10/23/2008 2.04 30.2 11 50 
12/9/2008 2.29 40.8 11 57 
12/12/2008 3.47 816 11 78 
12/12/2008 3.43 754 11 77 
12/12/2008 3.38 704 11 78 
12/12/2008 3.37 694 11 78 
2/2/2009 2.37 71.7 11 65 
3/23/2009 2.28 43.3 11 63 
5/22/2009 2.36 67.9 11 80 
7/16/2009 2.29 50.3 11 74 
9/21/2009 2.33 55.2 11 64 
11/10/2009 2.38 80 11 77.2 
1/12/2010 2.4 94.2 11 74 
4/2/2010 2.73 217 11 78.2 
6/17/2010 2.3 54.9 11 54 
7/26/2010 2.34 60.2 11 54 
9/9/2010 1.83 20.1 11 10.3 
9/9/2010 1.83 20 11 24.6 
11/19/2010 2.3 49.5 11 62 
1/14/2011 2.31 46.4 11 54 
3/22/2011 2.59 139 11 82 
4/26/2011 2.56 144 11 78.1 
7/1/2011 2.25 41.7 11 75.3 
8/16/2011 2.38 79.2 11 76.2 
10/20/2011 2.82 265 11 79.9 
12/6/2011 2.42 95.6 11 81.8 
2/13/2012 2.38 80.5 11 81.5 
 
 
  
Summary of Routing Parameters 
The 50th percentile discharge for Wissahickon derived in the preceding documentation is 
used in R code, to derive the instantaneous response function and corresponding daily 
response function for the upstream nod 484 Ft. Washington.  The node downstream is 
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485 Philadelphia Water Department, and instantaneous routing is applied which does 
not use the parameters derived in this documentation to measure travel time. 
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A.32.  Philadelphia 485 
Node Number 485 
Node Name Philadelphia 
Sub-Watershed Lower Schuylkill 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River – Confluence 
Inflow (Yes, No, OCL) Yes 
  
Historical Data Availability  
Data Available 10-01-1947 to 09-30-2011 
Data Source USGS 01474500 Schuylkill 
River at Philadelphia, PA 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
Yes, Philadelphia Water 
Department Diversion 
  
Parameters to Derive Routing  
Node Elevation 22.361 Ft 
Node Elevation Data Source Google Elevation Service 
Upstream Node(s) 484 Wissahickon, 482 
Norristown 
Distance to Upstream Node N/A, 11.18 Miles 
Downstream Node 487 Fairmount 
Distance to Downstream Node 3.9 Miles 
Routing to Downstream Node  
(Instantaneous or Convolution) 
Convolution 
25th Percentile Discharge, CFS 1374 CFS 
50th Percentile Discharge, CFS 2463 CFS 
75th Percentile Discharge, CFS 4224 CFS 
Width at 50th Percentile Discharge, Ft N/A 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
N/A 
  
Routing to 485 Philadelphia from 482 Norristown and 484 Wissahickon 
Reach 484 to 485: Instantaneous Routing 
Reach 482 to 485: Celerity = 3.436 Ft/s, Dispersion = 3254.3 Ft2/s, C1 = 0.843, C2 = 
0.157 
485 Philadelphia (t) = Wissahickon (t) + 0.843 * Norristown (t) + 0.157 * Norristown (t-1) 
+ Philadelphia Historical Inflow (t)  – PWD Demand (t) 
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Routing from 485 Philadelphia to 487 Fairmount Dam 
Reach 485 to 487: Celerity = 3.436 Ft/s, Dispersion = 1955.8, Ft2/s C1 = 0.957, C2 = 
0.043 
487 Fairmount Dam (t) = 0.957 * Philadelphia (t) + 0.043 * Philadelphia (t-1) 
 
485 Philadelphia Inflow 
485 Philadelphia Historical Inflow (t) = Philadelphia Corrected Historical Streamflow 
(t) - Wissahickon (t) - 0.843 * Norristown (t) - 0.157 * Norristown (t-1) 
 
 
 
Overview of Node 485 Philadelphia  
Node 485 Philadelphia is based on the observed data, not the location, of USGS 01474500 
Schuylkill River at Philadelphia, PA.  The location of node 485 Philadelphia is at the 
confluence of the Wissahickon Creek and Schuylkill River, 3.9 miles upstream of the 
USGS Philadelphia gauge.  This location was selected because it is where the 
Philadelphia Water Department (PWD) Queen Lane drinking water treatment plant is 
located and where the PWD demand node will be located in the model (node 486 PWD).  
USGS 01474500 will be used to calculate the inflow to node 485 Philadelphia.  Inflow is 
applied to 485 Philadelphia and not 487 Fairmount because there are no tributaries or 
discharges entering the segment from 485 to 487.  With this configuration node 485 will 
represent the water available to the Delaware Estuary after the PWD diversion.  The 
downstream node, 487 Fairmount Dam, is the terminal node of the model.  The reach of 
the Schuylkill River in Philadelphia was discretized into two nodes rather than one in 
order to allow for policy flexibility in determining the placement of a minimum flow 
requirement in the reach from 485 Philadelphia to 487 Fairmount Dam. 
Water is routed to node 485 Philadelphia from node 482 Norristown by convolution.  
The discharge/depth slope and channel width values are calibrated and not based on 
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observed data due to the channelization of the stream location of USGS 01474500 
Philadelphia and the split channel at USGS 01473500 Norristown (Section A.29).  Water 
is routed from 485 Philadelphia to 487 Fairmount Dam using the same routing 
parameters used to route water from 482 Norristown to 485 Philadelphia, with 
adjustments made for reach specific slope and distance. 
The historical streamflow record at USGS 01474500 Philadelphia is adjusted to add back 
the PWD diversions from the Queen Lane and Belmont drinking water treatment plants.  
Observed daily average diversions from 01-01-1992 to 09-30-2011, and a demand pattern 
from 10-01-1947 to 12-31-1991 are added to the historical streamflow record at 
Philadelphia. 
Interference Correction – Philadelphia Water Department Diversions 
Node 485 is based on the historical streamflow data recorded by USGS 01474500, which 
is located downstream of the PWD drinking water diversions.  In order to use the 
observed data of USGS 01474500 to calculate inflow to node 485, the diversions need to 
be added to the streamflow record.  Daily average withdrawal data is available from 
1992 to 2011 and will be added to the streamflow record.  Prior to 1992 a demand 
pattern, presented below in Table A.32-1, will be added to the historical record for the 
remainder of the modeling period from 10-01-1947 to 12-31-1991.  The demand pattern is 
based off monthly average data using the most recent 10 years.  The peaking factor is 
derived from a monthly average of 188 CFS. 
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Table A.32-1 Philadelphia Water Department Diversion Demand Pattern 
Month Average Schuylkill Withdrawal 2001-2011, CFS 
Peaking 
Factor 
1 195 1.03 
2 197 1.04 
3 186 0.98 
4 176 0.93 
5 175 0.93 
6 190 1.00 
7 201 1.06 
8 202 1.07 
9 191 1.01 
10 185 0.98 
11 184 0.97 
12 188 0.99 
 
 
 
Historical Infill 
The USGS 01474500 observed streamflow record does not require an historical 
extension; data is available from 10-01-1947 to 09-30-2011.  Table A.32-2 presents how 
the interference correction for the PWD diversions is incorporated into the streamflow 
record. 
 
 
 
Table A.32-2 Final Philadelphia Historical Infill Calculations 
Date Source 
10-01-1947 to 12-31-1991 Philadelphia = USGS 01474500 Philadelphia + Monthly 
Average Withdrawal (Table C.32-1) 
01-01-1991 to 09-30-2011 Philadelphia = USGS 01474500 Philadelphia + PWD Daily 
Average Diversions 
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Flow Duration 
The date range used to calculate the 50th percentile discharge includes 10-1-1996 to 9-30-
2011.  The 50th percentile discharge for Philadelphia corrected with the PWD diversions 
is 2463 CFS, and is used as the linearizing flow which all routing parameters are based 
from. 
Rating Curve 
The most recent rating curve for USGS 01474500 is used for the estimation of channel 
width at the 50th percentile and the discharge/depth slope at the 50th percentile required 
for routing.  The most recent rating curve for USGS 01474500 is presented below in Table 
A.32-3. 
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Table A.32-3 USGS 01474500 Channel Data Used in Routing 
Date Gauge Height, Ft Discharge, CFS Rating Curve Width, Ft 
11/20/2002 7.06 6225 20 308 
1/16/2003 6.46 2680 20 285 
3/22/2003 8.15 15760 20 344 
10/31/2003 7.6 10700 20 313 
2/23/2004 6.5 3230 20 297 
4/23/2004 6.45 2860 20 335 
6/5/2004 6.16 1780 20 310 
7/27/2004 6.52 3630 20 298 
12/15/2004 6.98 5740 20 352 
5/20/2005 6.21 1780 20 238 
7/14/2005 6.03 1370 20 235 
8/25/2005 5.89 793 20 225 
10/27/2005 6.93 5530 20 275 
12/21/2005 6.63 3830 20 268 
2/8/2006 7.03 6190 20 276 
3/23/2006 6.09 1490 20 248 
5/11/2006 6.09 1400 20 239 
7/27/2006 6.28 2140 20 247 
1/3/2007 7.02 5850 20 274 
4/10/2007 6.38 2490 20 267 
6/22/2007 6.18 1750 20 252 
9/20/2007 5.81 534 20 238 
10/23/2007 5.92 748 20 460 
1/31/2008 6.23 1630 20 580 
4/3/2008 6.46 2660 20 611 
5/14/2008 6.33 2050 20 522 
8/29/2008 5.78 410 20 323 
2/10/2009 6.53 3210 20 273 
4/17/2009 6.43 2770 20 578 
4/6/2010 6.8 4810 20 280 
7/16/2010 6.6 3180 20 273 
9/10/2010 5.89 485 20 578 
12/3/2010 7.55 8860 20 634 
2/16/2011 6.6 3420 20 565 
4/14/2011 7.45 8560 20 598 
6/24/2011 6.15 1560 20 543 
9/30/2011 7.6 9620 20 630 
12/2/2011 7.07 5960 20 703 
 
  
557 
 
Channel Width 
The channel width at Philadelphia is required for convolution routing, specifically while 
conditions are at the 50th percentile discharge of 2463 CFS.  However, the Schuylkill 
River in Philadelphia is channelized and the river width does not vary with discharge as 
in other natural reaches.  The channel width as measured at USGS 01474500 
Philadelphia will not be used to estimate the average reach width.  The width used to 
route water from node 485 Philadelphia to node 487 Fairmount will be 727.5 ft as 
measured at Norristown and assumed for the whole reach from Norristown to 
Fairmount. 
Discharge/Depth Slope 
Due to the channelization of the Schuylkill River in Philadelphia, the discharge/depth 
slope calculated from the rating curve will not be used in the calculation of routing 
parameters.  The discharge/depth slope for the reach from 485 to 487 will be the same as 
derived from heuristic calibration as described in Section A.29. 
Summary of Routing Parameters 
The width, discharge/depth slope, and 50th percentile discharge values for Philadelphia 
derived in the preceding documentation are used in R code, to derive the instantaneous 
response function and corresponding daily response function for the upstream node 456 
Blue Marsh Dam.  Water is routed from 485 Philadelphia to 465 Reading by 
instantaneous routing which does not use the parameters derived in this documentation. 
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Table A.32-4 Routing Philadelphia to Fairmount Dam Final Parameters 
Average Reach Width 727.5 Ft* 
  
Average Reach 50th Percentile Discharge 2296.5 CFS 
 Norristown = 2130 CFS 
 Philadelphia = 2463 CFS 
  
Average Reach Discharge/Depth Relationship 2500** 
  
Node Elevations Philadelphia = 22.4 Ft 
 Fairmount = 5.74 Ft 
  
Distance, Norristown to Philadelphia  3.9 Miles 
  
Slope, Norristown to Philadelphia  0.000807 
*Norristown channel width used for entire reach 
**Calibrated value, not derived from observed channel data 
 
 
 
Unit Response – Instantaneous Hourly Routing Results 
The parameters contained within Table A.32-4 above were used in methods described in 
Section 3.1.4 to calculate the following celerity and dispersion values for the reach: 
Celerity = 3.436 Ft/s 
Dispersion = 1955.8 Ft2/s 
The instantaneous response function is presented below in Figure A.32-1.  Water moving 
at 50th percentile discharge conditions from Norristown takes approximately 1-3 hours 
to fully reach Philadelphia. 
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Figure A.32-1  482 Norristown to 485 Philadelphia Instantaneous Response 
 
 
 
Unit Response – Daily Routing Results 
In order to obtain daily routing ordinates, the instantaneous or unit response in Figure 
A.32-1 must be convoluted with a rectangular pulse the size of the time increment 
desired, which in this routing application is one day.  The rectangular pulse is one day 
long (24 hours) by one unit (hour) tall, and the convolution results are presented below 
in Figure A.32-2. 
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Figure A.32-2 Norristown Unit Response Function Following Convolution with a 1-Day Pulse 
 
 
 
Following convolution of the instantaneous unit response with a one-day rectangular 
pulse, the resulting unit response is integrated for hours 1-24 and 25-48 in order to 
discretize daily routing ordinates.  The integration essentially takes the average of the 
first 24 results, C1, and the average of the second 24 results, C2, to calculate two daily 
ordinates that must add up to one.  There is some rounding error that may occur here, 
and a small mass balance adjustment may be required on the second ordinate to ensure 
the ordinates add to one and preserve mass balance.  This mass balance is carried out in 
the R code. 
C1 = 0.957 
C2 = 0.043 
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The convolution and mass balance adjustment are performed in R, the following pages 
include the code used to calculate the instantaneous unit response and daily routing 
coefficients. 
Philadelphia to Fairmount Dam - Routing Parameter Derivation Code 
> ##485 Philadelphia to 487 Fairmount## 
> library(Matrix) 
Loading required package: lattice 
 
Attaching package: ‘Matrix’ 
 
The following object(s) are masked from ‘package:base’: 
 
    det 
 
> QN<-2130 # CFS, 50th percentile flow at Norristown 
> QP<-2463 # CFS, 50th percentile flow at Fairmount 
> Q<-(QN+QP)/2 #Averaged 50th percentile flow for the reach 
> Q 
[1] 2296.5 
> W<-727.5 # Norristown channel width at 50th percentile flow, applied as reach 
average 
> S_r1<-0.000807# Slope of reach 
> dQdy<-2500 # From calibration 
> K_r1<-(Q/W)/(2*S_r1) #K Dispersion Coefficient Ft2/s 
> K_r1 
[1] 1955.825 
> C_r1<-dQdy/W # Celerity Ft/s averaged over channel 
> C_r1 
[1] 3.436426 
> x_r1<-3.9*5280 # Distance in Ft Norristown to PWD 
> h<-24 
> t<-86400/h # Time in seconds, one hour, calc. for ts must be done in s 
> n<-24 # number of time periods looked at 
> ti<-matrix(1:h,nrow=h,ncol=1) 
> #ti<-t*ti 
> enum_r1<-matrix(0,nrow=h,ncol=1) 
> edenom_r1<-matrix(0,nrow=h,ncol=1) 
> hi_r1<-matrix(0,nrow=h,ncol=1) 
> tt_r1<-matrix(1,nrow=h,ncol=1) 
> #tt<-t*ti 
>  
> ##########Instantaneous Unit Response Philadelphia to Fairmount Dam####### 
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>  
> for (i in 1:h) 
+ { 
+ tt_r1[i]=t*i 
+ enum_r1 = -1*((C_r1*tt_r1[i]-x_r1)^2) 
+ edenom_r1 = 4*K_r1*tt_r1[i] 
+ hi_r1[i] =(1/sqrt(4*3.14*K_r1))*(x_r1/tt_r1[i]^(3/2))*exp(enum_r1/edenom_r1) 
+ } 
>  
> r1h_inst=hi_r1*86400/h 
>  
> ##Check and Adjust for Mass Balance, ordinates must = 1 ####### 
> #The adjustment is being made to the 3th ordinate## 
> sum(r1h_inst[1:24]) 
[1] 0.7857623 
> adjust<-sum(r1h_inst)-1 
> adjust 
[1] -0.2142377 
>  
> r1h_final<-c(r1h_inst[1:2],r1h_inst[3]-adjust,r1h_inst[4:24]) 
> r1h_final 
 [1] 1.987216e-01 5.702136e-01 2.308980e-01 1.656419e-04 1.098358e-06 
 [6] 6.024674e-09 2.986769e-11 1.396309e-13 6.296125e-16 2.773926e-18 
[11] 1.203522e-20 5.167880e-23 2.203381e-25 9.348571e-28 3.953145e-30 
[16] 1.667823e-32 7.025895e-35 2.956925e-37 1.243780e-39 5.230483e-42 
[21] 2.199540e-44 9.250936e-47 3.891850e-49 1.637881e-51 
> sum(r1h_final) 
[1] 1 
>  
> plot(ti,r1h_inst,type="b",xlab="Hours",ylab="Instantaneous Response/Hour") 
> title("Philadelphia to Fairmount Instantaneous Response Function") 
>  
>  
>  
> ########Convert Instantaneous to Unit Response in Three Steps## 
>  
> #Put instantaneous unit response into matrix#### 
>  
> j<-length(r1h_final) 
> r1h_matr<-Matrix(0,nrow=n+j,ncol=n+1) 
> r1h_band<- list(rep(r1h_final[1],n+1)) 
>  
> for (i in 1:j) 
+ { 
+ r1h_band[i]<- list(rep(r1h_final[i],n+1)) 
+ r1h_band 
+ } 
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> r1h_matr<- bandSparse(n+j, n+1, k=-c(0:(j-1)), diag=c(r1h_band), symm=FALSE) 
>  
>  
> #Convolute with a 25x1 #### 
> day<-matrix(1,nrow=h+1,ncol=1) 
> unitresp<-r1h_matr%*%day 
> plot(1:48, unitresp , type="b", xlab="Hours",ylab="Unit Response / Hour", col="red") 
> #title("Unit Response Function") 
>  
> #The unit repsonse must be integrated for one day# 
> discreteunit<-matrix(c(mean(unitresp[1:24]),mean(unitresp[25:48])),nrow=2,ncol=1) 
> discreteunit 
           [,1] 
[1,] 0.95697871 
[2,] 0.08468796 
> sum(discreteunit) 
[1] 1.041667 
>  
> #Check for mass balance adjustment to second ordinate# 
> discreteunit2<-matrix(c(discreteunit[1],(1-discreteunit[1])),nrow=2,ncol=1) 
> discreteunit2 
           [,1] 
[1,] 0.95697871 
[2,] 0.04302129 
> 
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A.33.  Philadelphia Water Department Demand 486 
Node Number 486 
Node Name Philadelphia Water Department (PWD) 
Demand 
Sub-Watershed Lower Schuylkill 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
Demand 
Inflow (Yes, No, OCL) N/A 
 
 
 
Node 486 PWD Demand Overview 
Node 486 PWD Demand represents the Schuylkill River withdrawals from the Queen 
Lane and Belmont drinking water treatment plants, owned and operated by the 
Philadelphia Water Department.  Missing daily demand data points were estimated 
based on the prior day demand.  The diversion for 486 PWD Demand is made from 
node 485 Philadelphia.  The demand pattern assigned to 486 PWD Demand is derived 
from monthly average observed PWD daily average withdrawals from the most recent 
ten years, 2001 to 2011.  The annual monthly average daily withdrawal during this 
period is 188 CFS, and the peaking factors presented in Table A.1-1 below are derived 
from this average. 
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Table A.33-1 Philadelphia Water Department Diversion Demand Pattern 
Month Average Schuylkill Withdrawal 2001-2011, CFS 
Peaking 
Factor 
1 195 1.03 
2 197 1.04 
3 186 0.98 
4 176 0.93 
5 175 0.93 
6 190 1.00 
7 201 1.06 
8 202 1.07 
9 191 1.01 
10 185 0.98 
11 184 0.97 
12 188 0.99 
 
The demand pattern in Table A.33-1 above will be applied throughout the modeling 
period from 10-01-1947 to 09-30-2011. 
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A.34.  Fairmount Dam 487 
Node Number 487 
Node Name Fairmount Dam 
Sub-Watershed Lower Schuylkill 
Node Type - Demand, Reservoir, or River 
(Origination, Segment, Confluence) 
River – Segment 
Inflow (Yes, No, OCL) No 
  
Historical Data Availability  
Data Available 10-01-1947 to 09-30-2011 
Data Source USGS 01474500 Schuylkill 
River at Philadelphia, PA 
Historical Infill Required No 
Diversion or Release Interference Correction 
(Endogenous Variable Removal) 
No 
  
Parameters to Derive Routing  
Node Elevation 5.74 Ft 
Node Elevation Data Source USGS 01474500 
Upstream Node(s) 485 Philadelphia 
Distance to Upstream Node 3.9 Miles 
Downstream Node N/A 
Distance to Downstream Node N/A 
Routing to Downstream Node  
(Instantaneous or Convolution) 
N/A 
25th Percentile Discharge, CFS N/A 
50th Percentile Discharge, CFS N/A 
75th Percentile Discharge, CFS N/A 
Width at 50th Percentile Discharge, Ft N/A 
Discharge/Depth Slope of 25th to 75th Percentile 
Discharge 
N/A 
  
Routing to 487 Fairmount Dam from 485 Philadelphia 
Reach 485 to 487: Celerity = 3.436 Ft/s, Dispersion = 1955.8, Ft2/s C1 = 0.957, C2 = 
0.043 
487 Fairmount Dam (t) = 0.957 * Philadelphia (t) + 0.043 * Philadelphia (t-1) 
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Overview of Node 487 Fairmount Dam 
Node 487 Fairmount Dam is based on the location, but not the observed data, of USGS 
01474500 Schuylkill River at Philadelphia, PA.  This location is used as the terminal node 
of the model; there are no nodes downstream of 487 Fairmount Dam.  The observed data 
of USGS 01474500 Philadelphia is not used to calculate inflow to this node, rather that 
inflow is applied to upstream node 485 Philadelphia.  There are no large tributaries or 
discharges between nodes 485 Philadelphia and 487 Fairmount Dam, so the inflow was 
applied at 485 Philadelphia where node 486 PWD Demand is located.  Water routed 
from node 485 Philadelphia to 487 Fairmount Dam represents the amount of water 
available to the Delaware Estuary from the Schuylkill River.  This reach will also be 
explored during policy development scenarios as a location for a minimum flow 
requirement to support the ecological health of the tidal Schuylkill River. 
Water is routed to 487 Philadelphia from 485 Philadelphia by convolution.  The channel 
width and discharge/depth slope parameters derived from the USGS 01474500 rating 
curve are not used to calculate routing parameters due to the channelization of the 
Schuylkill River in Philadelphia.  Sections A.29 and A.32 explain the derivation of the 
parameters used to route water from 485 Philadelphia to 487 Fairmount Dam. 
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Appendix B Model Code 
The model code presented here is used to perform all runs based on the baseline 
configuration.  Additional hedging configurations including the low or high flow target, 
low, medium, or high conservation releases, and drought restrictions Scenario 1 and 2 
are comprised of combinations of the code presented following the baseline model code.  
The hedging policies are activated by model weights as described in Appendix C, and 
would need to be adjusted accordingly in addition to the code combinations presented 
in this Appendix. 
B.1. Baseline Model Code 
B.1.1. Main.ocl 
/*  Main.ocl  */ 
 
:STATIC: statdata.mdb   
:TIME:   ..\..\..\basedata_2001\Schuylkill_basedata_v2.dss 
  
/*  List of ocl files  */  
 
:INCLUDE:  ocl\udef_list.ocl 
 
:COMMANDS: 
 
:INCLUDE:  ocl\BlueMarsh_MinRelease.ocl 
:INCLUDE:  ocl\Schuylkill_Routing.ocl 
:INCLUDE:  ocl\Limerick_Augmentation.ocl 
:INCLUDE:  ocl\Predictions_noD.ocl 
:INCLUDE:  ocl\Wadesville.ocl 
:INCLUDE:  ocl\BlueMarsh_MaxRelease.ocl 
 
 
:END: 
B.1.2. BlueMarsh_MinRelease.ocl 
/* BlueMarsh_MinRelease.ocl */ 
 
/* This code sets the conservation releases from Blue Marsh Reservoir 
and the water supply allocation to the Western Berks Water Authority */ 
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Set BlueMarshConRel : min_flow455.456 
{       Condition : elevation455 > 283 
        Value : convert_units {50, cfs, mg} 
   
  Condition : elevation455 <= 283 
  Value : convert_units {30, cfs, mg} 
         
} 
B.1.3. Schuylkill_Routing.ocl 
/*  Schuylkill_Routing.ocl  */ 
 
/*  This file contains the routing between reaches. There are 18 equations required. One 
travel time reservoir is used, Node 900. }  */ 
 
Constraint Routing454455 : {dflow900.455 = (0.688 * dflow454.900) + (0.312 * 
flow454.900(-1)) } 
 
Constraint Routing456457 : {dflow900.457 = (0.922 * dflow456.900) + (0.078 * 
flow456.900(-1)) } 
 
Constraint Routing459460 : {dflow900.460 = (0.917 * dflow459.900) + (0.083 * 
flow459.900(-1))} 
 
Constraint Routing461462 : {dflow900.462 = (0.784 * dflow461.900) + (0.216 * 
flow461.900(-1))} 
 
Constraint Routing460462463 : {dflow900.463 = (0.953 * dflow462.900) + (0.047 * 
flow462.900(-1)) + (0.884 * dflow460.900) + (0.116 * flow460.900(-1))} 
 
Constraint Routing463464 : {dflow900.464 = (0.798 * dflow463.900) + (0.202 * 
flow463.900(-1)) } 
 
Constraint Routing464465 : {dflow900.465 = (0.878 * dflow464.900) + (0.122 * 
flow464.900(-1)) } 
 
Constraint Routing466467 : {dflow900.467 = (0.833 * dflow466.900) + (0.167 * 
flow466.900(-1)) } 
 
Constraint Routing465468 : {dflow900.468 = (0.705 * dflow465.900) + (0.295 * 
flow465.900(-1)) } 
 
Constraint Routing468469 : {dflow900.469 = (0.983 * dflow468.900) + (0.017 * 
flow468.900(-1)) } 
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Constraint Routing473474 : {dflow900.474 = (0.402 * dflow473.900) + (0.598 * 
flow473.900(-1)) } 
 
Constraint Routing474471475 : {dflow900.475 = (0.702 * dflow471.900) + (0.298 * 
flow471.900(-1)) + (0.89 * dflow474.900) + (0.11 * flow474.900(-1)) } 
 
Constraint Routing475478 : {dflow900.478 = (0.834 * dflow475.900) + (0.166 * 
flow475.900(-1)) } 
 
Constraint Routing469479481 : {dflow900.481 = (0.567 * dflow469.900) + (0.433 * 
flow469.900(-1)) + (0.875 * dflow479.900) + (0.125 * flow479.900(-1)) } 
 
Constraint Routing481482 : {dflow900.482 = (0.81 * dflow481.900) + (0.19 * flow481.900(-
1)) } 
 
Constraint Routing483484 : {dflow900.484 = (0.669 * dflow483.900) + (0.331 * 
flow483.900(-1)) } 
 
Constraint Routing482485 : {dflow900.485 = (0.843 * dflow482.900) + (0.157 * 
flow482.900(-1)) } 
 
Constraint Routing485487 : {dflow900.487 = (0.957 * dflow485.900) + (0.043 * 
flow485.900(-1)) } 
 
B.1.4. Limerick_Augmentation.ocl 
/* Limerick_Augmentation.ocl */ 
 
  
Set  : EBMin 
{       Condition : inflow473(0) < convert_units {10, cfs, mgd} 
        Value : max {0, convert_units {10, cfs, mgd} - inflow473(0)} 
   
  COndition : inflow473(0) >= convert_units {10, cfs, mgd} 
  Value : 0 
}   
 
 
Set : WB_Perk_t 
{ 
 Condition : default 
 Value : max {0, (0.702 * inflow471(0)) + (0.298 * inflow471(-1))} 
} 
 
Set : EB_Schwenks_t /* 474.900 */ 
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{ 
 Condition : default 
 Value : max {0, ( 0.402 * (inflow473(0) + EBMin)) + (0.598 * (inflow473(-1) +  
    flow472.473(-1) )) + inflow474(0)} 
} 
 
Set : EB_Perk_t /* 900.475 from 474 */ 
{ 
 Condition : default 
 Value : max {0, ( 0.89 * EB_Schwenks_t) + (0.11 * flow474.900(-1))} 
} 
   
Set : Perk_t 
{ 
 Condition : default 
 Value : max {0, WB_Perk_t + EB_Perk_t + inflow475(0)} 
} 
 
Set : FakeBradshaw_t 
 
{       
        Condition : Perk_t <= convert_units {210, cfs, mgd} 
        Value : max {0, demand476(0)} /* The default means demand476(0) */ 
         
        Condition : Perk_t > convert_units {210, cfs, mgd} 
        Value : max{0, EBMin} 
  
} 
 
/* Code for either conservation release, EBMin, or Bradshaw release */ 
 
 
Set BradshawMinAugment : min_flow472.473 
 
{       
        Condition : Perk_t <= convert_units {210, cfs, mgd} 
        Value : max {0, demand476(0)} /* The default means demand476(0) */ 
         
        Condition : Perk_t > convert_units {210, cfs, mgd} 
        Value : max {0, convert_units {10, cfs, mgd} - inflow473(0)} 
  
} 
 
 
/* Need Perk_t_2 which includes release from FakeBradshaw_t in order to estimate 
Perk_up1*/ 
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Set : EBSchwenks_t_2 /* 474.900 */ 
{ 
 Condition : default 
 Value : max {0, ( 0.402 * (inflow473(0) + FakeBradshaw_t)) + (0.598 * (inflow473(-
1) +  
    flow472.473(-1) )) + inflow474(0)} 
} 
 
Set : EBPerk_t_2 /* 900.475 from 474 */ 
{ 
 Condition : default 
 Value : max {0, ( 0.89 * EBSchwenks_t_2) + (0.11 * flow474.900(-1))} 
} 
   
Set : Perk_t_2 
{ 
 Condition : default 
 Value : max {0, WB_Perk_t + EBPerk_t_2 + inflow475(0)} 
} 
 
/* Perk_t_up1 is needed for the Norristown flow target, so that is estimated here as 
well*/ 
 
Set  : EBMin_up1 
{       Condition : inflow473(+1) < convert_units {10, cfs, mgd} 
        Value : max {0, convert_units {10, cfs, mgd} - inflow473(+1)} 
   
  COndition : inflow473(+1) >= convert_units {10, cfs, mgd} 
  Value : 0 
} 
 
Set : WB_Perk_up1 /* flow471.475(+1) */ 
{ 
 Condition : default 
 Value : max {0, (0.702 * inflow471(+1)) + (0.298 * inflow471(0))} 
} 
 
Set : EB_Schwenks_up1 /* 474.900 */ 
{ 
 Condition : default 
 Value : max {0, (0.402 * (inflow473(+1) + EBMin_up1)) + (0.598 * (inflow473(0) +  
    FakeBradshaw_t)) + inflow474(+1)} 
} 
 
Set : EB_Perk_up1 /* 900.475 from 474 */ 
{ 
 Condition : default 
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 Value : max {0, (0.89 * EB_Schwenks_up1) + (0.11 * EBSchwenks_t_2)} 
} 
 
Set : Perk_up1 
{ 
 Condition : default 
 Value : max {0, WB_Perk_up1 + EB_Perk_up1 + inflow475(+1)} 
} 
 
Set : FakeBradshaw_up1 
 
{       
        Condition : Perk_up1 <= convert_units {210, cfs, mgd} 
        Value : max {0, demand476(+1)} /* The default means demand476(0) */ 
         
        Condition : Perk_up1 > convert_units {210, cfs, mgd} 
        Value : max{0, EBMin_up1} 
  
} 
 
Set : EBSchwenks_up1_2 /* 474.900 */ 
{ 
 Condition : default 
 Value : max {0, ( 0.402 * (inflow473(+1) + FakeBradshaw_up1)) + (0.598 * 
(inflow473(0) +  
    FakeBradshaw_t)) + inflow474(+1)} 
} 
 
Set : EB_Perk_up1_2 /* 900.475 from 474 */ 
{ 
 Condition : default 
 Value : max {0, ( 0.89 * EBSchwenks_up1_2) + (0.11 * EBSchwenks_t_2)} 
} 
 
Set : Perk_up1_2 
{ 
 Condition : default 
 Value : max {0, WB_Perk_up1 + EB_Perk_up1_2 + inflow475(+1)} 
} 
 
B.1.5. Predictions_noD.ocl 
/*Predictions_noD.ocl */ 
 
Set : Perkiomen_Project_t 
{ 
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 Condition : default 
 Value : max {0, (0.834 * (Perk_t_2 - demand476(0))) + (0.166 * flow475.900(-1)) + 
inflow477(0)} 
} 
 
Set : Perkiomen_Project_up1 
{ 
 Condition : default 
 Value : max {0, (0.834 * (Perk_up1_2 - demand476(+1))) + (0.166 * (Perk_t_2 - 
demand476(0))) + inflow477(+1)} 
} 
 
Set : UES_t /* 900.463 from 462 */ 
{ 
 Condition : default 
 Value : max {0, (0.953 * ((0.784 * inflow461(0)) +  
    (0.216 * inflow461(-1)) + inflow462(0))) +  
    (0.047 * ((0.784 * inflow461(-1)) +  
    (0.216 * inflow461(-2)) + inflow462(-1)))} 
} 
 
Set : UWS_t /* 900.463 from 460 there is no release from Wadesville @ t=0 here */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * inflow459(0)) +  
    (0.083 * (inflow459(-1) + flow458.459(-1))) +  
    inflow460(0))) + (0.116 * flow460.900(-1))} 
} 
 
Set : US_t /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_t + UES_t + inflow463(0))} 
} 
 
Set : UStoRead_t 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_t) + (0.202 * flow463.900(-1)))) + (0.122 * 
((0.798 * flow463.900(-1)) +  
    (0.202 * flow463.900(-2))))} 
} 
 
Set : Man_t 
{ 
 Condition : default 
 Value : max {0, (0.833 * inflow466(0)) + (0.167 * inflow466(-1)) + inflow467(0)} 
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} 
 
Set : Man_up1 
{ 
 Condition : default 
 Value : max {0, (0.833 * inflow466(+1)) + (0.167 * inflow466(0)) + inflow467(+1)} 
} 
 
Set : Tulp_t 
{ 
 Condition : default 
 Value : max {0, (0.922 * min_flow455.456) + (0.078 *  
    flow455.456(-1)) + inflow457(0)} 
} 
 
Set : Reading_t 
{ 
 Condition : default 
 Value : max {0, (Tulp_t + inflow465(0) + UStoRead_t)} 
} 
 
Set : Ptown_t 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t) + (0.295 * flow465.900(-1)) +  
    inflow468(0) + Man_t} 
} 
 
 
B.1.6. Wadesville.ocl 
/* Wadesville.ocl */ 
 
Set WadesvilleTrigger : _WadesvilleTrigger 
{       Value : max {0, Ptown_t}}  
 
Set WadesvilleMinAugment : min_flow458.459 
{ 
        Condition : _WadesvilleTrigger >= convert_units {560, cfs, mgd} 
        Value : 0 
         
        Condition : _WadesvilleTrigger < convert_units {560, cfs, mgd} 
        Value : max {0, demand470(0)} 
} 
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Set : max_flow458.459 
 
{   Condition : _WadesvilleTrigger < convert_units {560, cfs, mgd} 
    Value : max {0, demand470(+1)} 
} 
B.1.7. BlueMarsh_MaxRelease.ocl 
/*  BlueMarsh_MaxRelease.ocl  */ 
 
Set : _ReleaseRegulator  
{   Value : flow465.900 } 
 
Set : BlueMarshElevation /* Blue Marsh will start spilling at spillway crest elevation of 
307 Ft */ 
 
{   Condition : default 
    Value : stor_to_elev {455, storage455} 
} 
 
Set : BlueMarshSpillway 
{   Condition : BlueMarshElevation > 307 
    Value : lookup {BMSpillway, BlueMarshElevation} 
       
    Condition : default 
    Value : 0 
} 
 
Set : max_flow455.456 
{   Condition : BlueMarshElevation > 307 
    Value : BlueMarshSpillway + convert_units {5400, cfs, mgd} 
 
    Condition : BlueMarshElevation <= 307 and _ReleaseRegulator < convert_units 
{14863, cfs, mgd} 
    Value : convert_units {5400, cfs, mgd} 
     
    Condition : BlueMarshElevation <= 307 and _ReleaseRegulator >= convert_units 
{14863, cfs, mgd} and _ReleaseRegulator < convert_units {15685, cfs, mgd} 
    Value : convert_units {4000, cfs, mgd} 
     
    Condition : BlueMarshElevation <= 307 and _ReleaseRegulator >= convert_units 
{15685, cfs, mgd} and _ReleaseRegulator < convert_units {16578, cfs, mgd} 
    Value : convert_units {2500, cfs, mgd} 
     
    Condition : BlueMarshElevation <= 307 and _ReleaseRegulator >= convert_units 
{16578, cfs, mgd} and _ReleaseRegulator < convert_units {17757, cfs, mgd} 
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    Value : convert_units {1000, cfs, mgd}  
     
    Condition : BlueMarshElevation <= 307 and _ReleaseRegulator >= convert_units 
{17757, cfs, mgd} 
    Value : min_flow455.456 
     
} 
B.1.8. Baseline Model, Medium Conservation Release 
In order to implement the baseline model, B.1, with a medium conservation release the 
code in B.1.2 is replaced with the following. 
Set BlueMarshConRel : min_flow455.456 
{       Condition : elevation455 > 283 
        Value : convert_units {100, cfs, mg} 
   
  Condition : elevation455 <= 283 
  Value : convert_units {60, cfs, mg} 
         
} 
B.1.9. Baseline Model, High Conservation Release 
In order to implement the baseline model, B.1, with a high conservation release the code 
in B.1.2 is replaced with the following. 
Set BlueMarshConRel : min_flow455.456 
{       Condition : elevation455 > 283 
        Value : convert_units {200, cfs, mg} 
   
  Condition : elevation455 <= 283 
  Value : convert_units {120, cfs, mg} 
         
} 
B.1.10. Scenario 1 Drought Restrictions: Main.ocl 
/*  Main.ocl  */ 
 
:STATIC: statdata.mdb   
:TIME:   ..\..\..\basedata_2001\Schuylkill_basedata_v2.dss 
  
/*  List of ocl files  */  
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:INCLUDE:  ocl\udef_list_15.ocl 
 
:COMMANDS: 
 
:INCLUDE:  ocl\BlueMarsh_MinRelease.ocl 
:INCLUDE:  ocl\Schuylkill_Routing.ocl 
:INCLUDE:  ocl\Drought_Triggers15WW5.ocl 
:INCLUDE:  ocl\Limerick_Augmentation_D15.ocl 
:INCLUDE:  ocl\Predictions_D15.ocl 
:INCLUDE:  ocl\Wadesville.ocl 
:INCLUDE:  ocl\BlueMarsh_MaxRelease.ocl 
 
:END: 
 
B.1.11. Scenario 1 Drought Restrictions: Drought Triggers 
/* Drought_Triggers_15WW5.ocl*/ 
/* 
Set : max_flow458.459 
 
{   Condition : default 
    Value : convert_units {38.7, cfs, mgd} 
} 
 
 
Set : max_flow472.473 
{   Condition : default 
    Value : convert_units {19.5, cfs, mgd} 
} 
*/ 
 
Set : BerksCoTrigger 
{ Value : accumulate {flow454.900, -30, -1} / 30 } 
 
/* Nodes Responding to BerksCoTrigger: 
454, 456, 457, 464, 465, 466, 467, 468 */ 
 
/* 454 In */ 
Set : Bville_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.17, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
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} 
 
Constraint Routing905.454 : {dflow905.454 = Bville_D15} 
 
/* 456 Out*/ 
Set : BM_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.02, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing456.905 : {dflow456.905 = BM_D15} 
 
/* 457 In*/ 
Set : Tulp_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.74, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.457 : {dflow905.457 = Tulp_D15} 
 
/* 464 In*/ 
Set : Maiden_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {2.03, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.464 : {dflow905.464 = Maiden_D15} 
 
/* 465 In*/ 
Set : Read_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.68, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
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 Value : 0 
} 
 
Constraint Routing905.465 : {dflow905.465 = Read_D15} 
 
/* 466 In*/ 
Set : UMan_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.02, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.466 : {dflow905.466 = UMan_D15} 
 
 
/* 467 In*/ 
Set : Mana_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.20, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.467 : {dflow905.467 = Mana_D15} 
 
/* 468 In*/ 
Set : Ptown_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.47, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing468.905 : {dflow905.468 = Ptown_D15} 
 
/* Nodes responding to SchuylkillCoTrigger: 
459, 460, 461, 462, 463 */ 
 
Set : SchuylkillCoTrigger 
{ Value : accumulate {flow460.900, -30, -1} / 30 } 
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/* 459 In*/ 
Set : Pville_D15 
{ 
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} 
 Value : convert_units {0.73, cfs, mg} 
  
 Condition : SchuylkillCoTrigger > convert_units {61, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.459 : {dflow905.459 = Pville_D15} 
 
/* 460 In*/ 
Set : Lville_D15 
{ 
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} 
 Value : convert_units {0.51, cfs, mg} 
  
 Condition : SchuylkillCoTrigger > convert_units {61, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.460 : {dflow905.460 = Lville_D15} 
 
/* 461 In*/ 
Set : Tamaqua_D15 
{ 
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} 
 Value : convert_units {0.01, cfs, mg}  
  
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} and inflow461 <= 
convert_units {0, cfs, mg} 
 Value : 0 
  
 Condition : SchuylkillCoTrigger > convert_units {61, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.461 : {dflow905.461 = Tamaqua_D15} 
 
/* 462 In*/ 
Set : Dreh_D15 
{ 
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} 
 Value : convert_units {0.39, cfs, mg} 
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 Condition : SchuylkillCoTrigger > convert_units {61, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.462 : {dflow905.462 = Dreh_D15} 
 
/* 463 In*/ 
Set : LilSch_D15 
{ 
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} 
 Value : convert_units {0.13, cfs, mg} 
  
 Condition : SchuylkillCoTrigger > convert_units {61, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.463 : {dflow905.463 = LilSch_D15} 
 
/* Nodes represented by MontCoTrigger: 
469, 471, 474, 475, 477, 478, 479, 480, 481, 482, 483*/ 
 
Set : Graterford 
{ Value : flow475.900 + demand476 } 
 
Set : MontCoTrigger 
{ Value : accumulate {Graterford, -30, -1} / 30 } 
 
/* 469 Out*/ 
Set : Lim_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.56, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing469.905 : {dflow469.905 = Lim_D15} 
 
/* 471 In*/ 
Set : UPerk_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.34, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
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} 
 
Constraint Routing905.471 : {dflow905.471 = UPerk_D15} 
 
/* 474 In*/ 
Set : EB_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.09, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing474905 : {dflow905.474 = EB_D15} 
 
/* 475 In*/ 
Set : Graterford_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.02, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing475905 : {dflow905.475 = Graterford_D15} 
 
/* 477 Out*/ 
 
Set : Skippin 
{ Value : inflow477(0)} 
 
Set : Skipp_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} and Skippin >= 
convert_units {2, cfs, mg} 
 Value : convert_units {0.21, cfs, mg} 
  
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} and Skippin < 
convert_units {2, cfs, mg} 
 Value : 0 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
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Constraint Routing477905 : {dflow477.905 = Skipp_D15} 
 
/* 478 Out*/ 
Set : Perk_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.18, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing478905 : {dflow478.905 = Perk_D15} 
 
/* 479 In*/ 
Set : French_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.10, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905479 : {dflow905.479 = French_D15} 
 
/* 480 In*/ 
Set : ValleyCk_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.01, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing480905 : {dflow905.480 = ValleyCk_D15} 
 
/* 481 In*/ 
Set : VForge_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {8.59, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
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Constraint Routing905481 : {dflow905.481 = VForge_D15} 
 
/* 482 In*/ 
Set : Ntown_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {3.23, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905482 : {dflow905.482 = Ntown_D15} 
 
/* 483 Out*/ 
Set : FtWash_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.13, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing483905 : {dflow483.905 = FtWash_D15} 
 
/* Nodes responding to PhilaCoTrigger: 
484, 487 */ 
 
Set : PhilaCoTrigger 
{ Value : accumulate {flow482.900, -30, -1} / 30 } 
 
/* 484 In*/ 
Set : Wiss_D15 
{ 
 Condition : PhilaCoTrigger <= convert_units {587, cfs, mg} 
 Value : convert_units {0.81, cfs, mg} 
  
 Condition : PhilaCoTrigger > convert_units {587, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905484 : {dflow905.484 = Wiss_D15} 
 
/* 485 Out*/ 
Set : PWD_D15 
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{ 
 Condition : PhilaCoTrigger <= convert_units {587, cfs, mg} 
 Value : convert_units {1.30, cfs, mg} 
  
 Condition : PhilaCoTrigger > convert_units {587, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing485905 : {dflow485.905 = PWD_D15} 
 
/* 487 In*/ 
Set : Fair_D15 
{ 
 Condition : PhilaCoTrigger <= convert_units {587, cfs, mg} 
 Value : convert_units {23.51, cfs, mg} 
  
 Condition : PhilaCoTrigger > convert_units {587, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905487 : {dflow905.487 = Fair_D15} 
 
B.1.12. Scenario 1 Drought Restrictions: Limerick Augmentation 
/* Limerick_Augmentation_D15.ocl */ 
 
/* This file sets the condition for Limerick Generating Station cooling water 
augmentation. 
*/ 
  
Set  : EBMin 
{       Condition : inflow473(0) < convert_units {10, cfs, mgd} 
        Value : max {0, convert_units {10, cfs, mgd} - inflow473(0)} 
   
  COndition : inflow473(0) >= convert_units {10, cfs, mgd} 
  Value : 0 
}   
 
Set : WB_Perk_t 
{ 
 Condition : default 
 Value : max {0, (0.702 * inflow471(0)) + (0.298 * inflow471(-1)) + UPerk_D15} 
} 
 
Set : EB_Schwenks_t /* 474.900 */ 
{ 
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 Condition : default 
 Value : max {0, ( 0.402 * (inflow473(0) + EBMin)) + (0.598 * (inflow473(-1) +  
    flow472.473(-1) )) + inflow474(0) - EB_D15} 
} 
 
Set : EB_Perk_t /* 900.475 from 474 */ 
{ 
 Condition : default 
 Value : max {0, ( 0.89 * EB_Schwenks_t) + (0.11 * flow474.900(-1))} 
} 
   
Set : Perk_t 
{ 
 Condition : default 
 Value : max {0, WB_Perk_t + EB_Perk_t + inflow475(0) - Graterford_D15} 
} 
 
Set : FakeBradshaw_t 
 
{       
        Condition : Perk_t <= convert_units {210, cfs, mgd} 
        Value : max {0, demand476(0)} /* The default means demand476(0) */ 
         
        Condition : Perk_t > convert_units {210, cfs, mgd} 
        Value : max{0, EBMin} 
  
} 
 
/* Code for either conservation release, EBMin, or Bradshaw release */ 
 
 
Set BradshawMinAugment : min_flow472.473 
 
{       
        Condition : Perk_t <= convert_units {210, cfs, mgd} 
        Value : max {0, demand476(0)} /* The default means demand476(0) */ 
         
        Condition : Perk_t > convert_units {210, cfs, mgd} 
        Value : max {0, convert_units {10, cfs, mgd} - inflow473(0)} 
  
} 
 
 
/* Need Perk_t_2 which includes release from FakeBradshaw_t in order to estimate 
Perk_up1*/ 
 
Set : EBSchwenks_t_2 /* 474.900 */ 
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{ 
 Condition : default 
 Value : max {0, ( 0.402 * (inflow473(0) + FakeBradshaw_t)) + (0.598 * (inflow473(-
1) +  
    flow472.473(-1) )) + inflow474(0) - EB_D15} 
} 
 
Set : EBPerk_t_2 /* 900.475 from 474 */ 
{ 
 Condition : default 
 Value : max {0, ( 0.89 * EBSchwenks_t_2) + (0.11 * flow474.900(-1))} 
} 
   
Set : Perk_t_2 
{ 
 Condition : default 
 Value : max {0, WB_Perk_t + EBPerk_t_2 + inflow475(0) - Graterford_D15} 
} 
 
 
B.1.13. Scenario 1 Drought Restrictions: Predictions 
 
/*Predictions_D15.ocl */ 
 
Set : Perkiomen_Project_t 
{ 
 Condition : default 
 Value : max {0, (0.834 * (Perk_t_2 - demand476(0))) + (0.166 * flow475.900(-1)) + 
inflow477(0) - Skipp_D15 - Perk_D15} 
} 
 
Set : UES_t /* 900.463 from 462 */ 
{ 
 Condition : default 
 Value : max {0, (0.953 * ((0.784 * (inflow461(0) - Tamaqua_D15)) +  
    (0.216 * (inflow461(-1) - Tamaqua_D15(-1))) + inflow462(0) 
+ Dreh_D15)) +  
    (0.047 * ((0.784 * (inflow461(-1) - Tamaqua_D15(-1))) +  
    (0.216 * (inflow461(-2) - Tamaqua_D15(-2))) + inflow462(-1) 
+ Dreh_D15(-1)))} 
} 
 
Set : UWS_t /* 900.463 from 460 there is no release from Wadesville @ t=0 here */ 
{ 
 Condition : default 
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 Value : max {0, (0.884 * ((0.917 * (inflow459(0) - Pville_D15)) +  
    (0.083 * (inflow459(-1) + flow458.459(-1) - Pville_D15(-1))) 
+  
    inflow460(0))) + (0.116 * (flow460.900(-1) -  
    Pville_D15(-1))) + Lville_D15} 
} 
 
Set : US_t /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_t + UES_t + inflow463(0) + LilSch_D15)} 
} 
 
Set : UStoRead_t 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_t) + (0.202 * (flow463.900(-1))) +  
    Maiden_D15)) + (0.122 * ((0.798 * (flow463.900(-1) +  
    LilSch_D15(-1))) + (0.202 * (flow463.900(-2))) + 
Maiden_D15(-1)))} 
} 
 
Set : Man_t 
{ 
 Condition : default 
 Value : max {0, (0.833 * (inflow466(0) - UMan_D15)) + (0.167 * (inflow466(-1) - 
UMan_D15)) + inflow467(0) + Mana_D15} 
} 
 
Set : Tulp_t 
{ 
 Condition : default 
 Value : max {0, (0.922 * (min_flow455.456 - BM_D15)) + (0.078 *  
    (flow455.456(-1) - BM_D15(-1))) + inflow457(0) + 
Tulp_D15} 
} 
 
Set : Reading_t 
{ 
 Condition : default 
 Value : max {0, (Tulp_t + inflow465(0) + UStoRead_t + Read_D15)} 
} 
 
Set : Ptown_t 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t) + (0.295 * (flow465.900(-1))) +  
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    inflow468(0) + Man_t - Ptown_D15} 
} 
 
B.1.14. Scenario 2 Drought Restrictions:  
To implement Scenario 2 drought restrictions in the baseline model, follow the 
requirements for B.1.10 and replace the code in B.1.11 with the following code, 
Drought_Triggers_15.ocl. 
 
/* Drought_Triggers_15.ocl*/ 
 
Set : BerksCoTrigger 
{ Value : accumulate {flow454.900, -30, -1} / 30 } 
 
/* Nodes Responding to BerksCoTrigger: 
454, 456, 457, 464, 465, 466, 467, 468 */ 
 
/* 454 Out */ 
Set : Bville_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.03, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing454.905 : {dflow454.905 = Bville_D15} 
 
/* 456 Out*/ 
Set : BM_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.25, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing456.905 : {dflow456.905 = BM_D15} 
 
/* 457 In*/ 
Set : Tulp_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.67, cfs, mg} 
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 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.457 : {dflow905.457 = Tulp_D15} 
 
/* 464 In*/ 
Set : Maiden_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {1.59, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.464 : {dflow905.464 = Maiden_D15} 
 
/* 465 In*/ 
Set : Read_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.52, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.465 : {dflow905.465 = Read_D15} 
 
/* 466 Out*/ 
Set : UMan_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.03, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing466.905 : {dflow466.905 = UMan_D15} 
 
 
/* 467 In*/ 
Set : Mana_D15 
{ 
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 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {0.17, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.467 : {dflow905.467 = Mana_D15} 
 
/* 468 Out*/ 
Set : Ptown_D15 
{ 
 Condition : BerksCoTrigger <= convert_units {31, cfs, mg} 
 Value : convert_units {3.04, cfs, mg} 
  
 Condition : BerksCoTrigger > convert_units {31, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing468.905 : {dflow468.905 = Ptown_D15} 
 
/* Nodes responding to SchuylkillCoTrigger: 
459, 460, 461, 462, 463 */ 
 
Set : SchuylkillCoTrigger 
{ Value : accumulate {flow460.900, -30, -1} / 30 } 
 
/* 459 Out*/ 
Set : Pville_D15 
{ 
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} 
 Value : convert_units {0.32, cfs, mg} 
  
 Condition : SchuylkillCoTrigger > convert_units {61, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing459.905 : {dflow459.905 = Pville_D15} 
 
/* 460 In*/ 
Set : Lville_D15 
{ 
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} 
 Value : convert_units {0.13, cfs, mg} 
  
 Condition : SchuylkillCoTrigger > convert_units {61, cfs, mg} 
 Value : 0 
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} 
 
Constraint Routing905.460 : {dflow905.460 = Lville_D15} 
 
/* 461 Out*/ 
Set : Tamaqua_D15 
{ 
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} 
 Value : convert_units {0.00, cfs, mg}  
  
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} and inflow461 <= 
convert_units {0, cfs, mg} 
 Value : 0 
  
 Condition : SchuylkillCoTrigger > convert_units {61, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing461.905 : {dflow461.905 = Tamaqua_D15} 
 
/* 462 Out*/ 
Set : Dreh_D15 
{ 
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} 
 Value : convert_units {0.00, cfs, mg} 
  
 Condition : SchuylkillCoTrigger > convert_units {61, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.462 : {dflow462.905 = Dreh_D15} 
 
/* 463 In*/ 
Set : LilSch_D15 
{ 
 Condition : SchuylkillCoTrigger <= convert_units {61, cfs, mg} 
 Value : convert_units {0.10, cfs, mg} 
  
 Condition : SchuylkillCoTrigger > convert_units {61, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.463 : {dflow905.463 = LilSch_D15} 
 
/* Nodes represented by MontCoTrigger: 
469, 471, 474, 475, 477, 478, 479, 480, 481, 482, 483*/ 
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Set : Graterford 
{ Value : flow475.900 + demand476 } 
 
Set : MontCoTrigger 
{ Value : accumulate {Graterford, -30, -1} / 30 } 
 
/* 469 Out*/ 
Set : Lim_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {1.75, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing469.905 : {dflow469.905 = Lim_D15} 
 
/* 471 In*/ 
Set : UPerk_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.16, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905.471 : {dflow905.471 = UPerk_D15} 
 
/* 474 Out*/ 
Set : EB_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.84, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing474905 : {dflow474.905 = EB_D15} 
 
/* 475 Out*/ 
Set : Graterford_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.48, cfs, mg} 
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 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing475905 : {dflow475.905 = Graterford_D15} 
 
/* 477 Out*/ 
 
Set : Skippin 
{ Value : inflow477(0)} 
 
Set : Skipp_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} and Skippin >= 
convert_units {2, cfs, mg} 
 Value : convert_units {1.08, cfs, mg} 
  
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} and Skippin < 
convert_units {2, cfs, mg} 
 Value : 0 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing477905 : {dflow477.905 = Skipp_D15} 
 
/* 478 Out*/ 
Set : Perk_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {1.4, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing478905 : {dflow478.905 = Perk_D15} 
 
/* 479 In*/ 
Set : French_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.11, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
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 Value : 0 
} 
 
Constraint Routing905479 : {dflow905.479 = French_D15} 
 
/* 480 In*/ 
Set : ValleyCk_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {0.01, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing480905 : {dflow905.480 = ValleyCk_D15} 
 
/* 481 In*/ 
Set : VForge_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {6.64, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905481 : {dflow905.481 = VForge_D15} 
 
/* 482 In*/ 
Set : Ntown_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {2.77, cfs, mg} 
  
 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905482 : {dflow905.482 = Ntown_D15} 
 
/* 483 Out*/ 
Set : FtWash_D15 
{ 
 Condition : MontCoTrigger <= convert_units {90, cfs, mg} 
 Value : convert_units {1.84, cfs, mg} 
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 Condition : MontCoTrigger > convert_units {90, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing483905 : {dflow483.905 = FtWash_D15} 
 
/* Nodes responding to PhilaCoTrigger: 
484, 487 */ 
 
Set : PhilaCoTrigger 
{ Value : accumulate {flow482.900, -30, -1} / 30 } 
 
/* 484 In*/ 
Set : Wiss_D15 
{ 
 Condition : PhilaCoTrigger <= convert_units {587, cfs, mg} 
 Value : convert_units {0.82, cfs, mg} 
  
 Condition : PhilaCoTrigger > convert_units {587, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905484 : {dflow905.484 = Wiss_D15} 
 
/* 485 Out*/ 
Set : PWD_D15 
{ 
 Condition : PhilaCoTrigger <= convert_units {587, cfs, mg} 
 Value : convert_units {3.96, cfs, mg} 
  
 Condition : PhilaCoTrigger > convert_units {587, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing485905 : {dflow485.905 = PWD_D15} 
 
/* 487 In*/ 
Set : Fair_D15 
{ 
 Condition : PhilaCoTrigger <= convert_units {587, cfs, mg} 
 Value : convert_units {23.51, cfs, mg} 
  
 Condition : PhilaCoTrigger > convert_units {587, cfs, mg} 
 Value : 0 
} 
 
Constraint Routing905487 : {dflow905.487 = Fair_D15} 
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B.2. High Flow Target: Release 
/*  FlowTarget_485.ocl  */ 
 
Set : BMTrigger 
{ 
 Condition : default 
 Value : Ntown_up1_2(-1) 
} 
 
Set : PartialWaterNeeded 
{ 
 Condition : default 
 Value : max {0, convert_units {485, cfs, mg} - BMTrigger} 
} 
 
Set : WaterNeeded 
{ 
 Condition : PartialWaterNeeded >  convert_units {0, cfs, mg} 
 Value : max {0, (3.4002 * PartialWaterNeeded)} 
  
 Condition : PartialWaterNeeded = convert_units {0, cfs, mg} 
 Value : 0 
} 
 
Set : BlueMarshRelease 
{  
 Condition : BMTrigger > convert_units {485, cfs, mg} 
 Value : min_flow455.456 
  
 Condition : BMTrigger <=  convert_units {485, cfs, mg} 
 value : max { 0, WaterNeeded + min_flow455.456} 
}  
 
Target  : dflow455.456 
{   
  Condition : default 
        Priority : 1 
        Penalty+ : 1 
        Penalty- : 5500 
        Value : BlueMarshRelease 
} 
B.3. High Flow Target: Predictions 
/*Predictions_noD_485.ocl */ 
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Set : Perkiomen_Project_t 
{ 
 Condition : default 
 Value : max {0, (0.834 * (Perk_t_2 - demand476(0))) + (0.166 * flow475.900(-1)) + 
inflow477(0)} 
} 
 
Set : Perkiomen_Project_up1 
{ 
 Condition : default 
 Value : max {0, (0.834 * (Perk_up1_2 - demand476(+1))) + (0.166 * (Perk_t_2 - 
demand476(0))) + inflow477(+1)} 
} 
 
Set : UES_t /* 900.463 from 462 */ 
{ 
 Condition : default 
 Value : max {0, (0.953 * ((0.784 * inflow461(0)) +  
    (0.216 * inflow461(-1)) + inflow462(0))) +  
    (0.047 * ((0.784 * inflow461(-1)) +  
    (0.216 * inflow461(-2)) + inflow462(-1)))} 
} 
 
Set : UWS_t /* 900.463 from 460 there is no release from Wadesville @ t=0 here */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * inflow459(0)) +  
    (0.083 * (inflow459(-1) + flow458.459(-1))) +  
    inflow460(0))) + (0.116 * flow460.900(-1))} 
} 
 
Set : US_t /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_t + UES_t + inflow463(0))} 
} 
 
Set : UStoRead_t 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_t) + (0.202 * flow463.900(-1)))) + (0.122 * 
((0.798 * flow463.900(-1)) +  
    (0.202 * flow463.900(-2))))} 
} 
 
Set : Man_t 
{ 
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 Condition : default 
 Value : max {0, (0.833 * inflow466(0)) + (0.167 * inflow466(-1)) + inflow467(0)} 
} 
 
Set : Man_up1 
{ 
 Condition : default 
 Value : max {0, (0.833 * inflow466(+1)) + (0.167 * inflow466(0)) + inflow467(+1)} 
} 
 
Set : Tulp_t 
{ 
 Condition : default 
 Value : max {0, (0.922 * min_flow455.456) + (0.078 *  
    flow455.456(-1)) + inflow457(0)} 
} 
 
Set : Reading_t 
{ 
 Condition : default 
 Value : max {0, (Tulp_t + inflow465(0) + UStoRead_t)} 
} 
 
Set : Ptown_t 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t) + (0.295 * flow465.900(-1)) +  
    inflow468(0) + Man_t} 
} 
 
Set : FAKEWadesvilleTrigger 
{       Value : max {0, Ptown_t}} 
 
Set : FAKEWadesville_t 
{ 
        Condition : FAKEWadesvilleTrigger >= convert_units {560, cfs, mgd} 
        Value : 0 
         
        Condition : FAKEWadesvilleTrigger < convert_units {560, cfs, mgd} 
        Value : max {0, demand470(0)} 
} 
 
/* 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
*/ 
 
Set : UWS_t_w /* 900.463 from 460 */ 
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{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(0) + FAKEWadesville_t)) +  
    (0.083 * (inflow459(-1) + flow458.459(-1))) + inflow460(0))) 
+  
    (0.116 * flow460.900(-1))} 
} 
 
Set : US_t_w /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_t_w + UES_t + inflow463(0))} 
} 
 
Set : UES_up1 /* 900.463 from 462 */ 
{ 
 Condition : default 
 Value : max {0, (0.953 * ((0.784 * inflow461(+1)) +  
    (0.216 * inflow461(0)) + inflow462(+1))) +  
    (0.047 * ((0.784 * inflow461(0)) +  
    (0.216 * inflow461(-1)) + inflow462(0)))} 
} 
 
Set : UWS_up1 /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * inflow459(+1)) +  
    (0.083 * (inflow459(0) + FAKEWadesville_t)) +  
    inflow460(+1))) + (0.116 * ((0.917 * (FAKEWadesville_t +  
    inflow459(0))) + (0.083 * (inflow459(-1) +  
    flow458.459(-1))) + inflow460(0)))} 
} 
 
Set : US_up1 /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_up1 + UES_up1 + inflow463(+1))} 
} 
 
Set : UStoRead_t_w 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_t_w) + (0.202 * flow463.900(-1)))) +  
    (0.122 * ((0.798 * flow463.900(-1)) + (0.202 * flow463.900(-
2))))} 
} 
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Set : UStoRead_up1 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_up1) + (0.202 * US_t_w))) +  
   (0.122 * ((0.798 * US_t_w) + (0.202 * flow463.900(-1))))} 
} 
 
Set : FAKEBMTrigger 
{ 
 Condition : default 
 Value : Ntown_up1_2(-1) 
} 
 
Set : FAKEPartialWaterNeeded 
{ 
 Condition : default 
 Value : max {0, convert_units {485, cfs, mg} - FAKEBMTrigger} 
} 
 
Set : FAKEWaterNeeded 
{ 
 Condition : FAKEPartialWaterNeeded >  convert_units {0, cfs, mg} 
 Value : max {0, (3.4002 * FAKEPartialWaterNeeded)} 
  
 Condition : FAKEPartialWaterNeeded = convert_units {0, cfs, mg} 
 Value : 0 
} 
 
Set : FAKEBlueMarshRelease 
{  
 Condition : FAKEBMTrigger > convert_units {485, cfs, mg} 
 Value : min_flow455.456 
  
 Condition : FAKEBMTrigger <=  convert_units {485, cfs, mg} 
 value : max { 0, FAKEWaterNeeded + min_flow455.456} 
} 
 
/* xxxxxxx */ 
 
 
Set : Tulp_t_2 
{ 
 Condition : default 
 Value : max {0, (0.922 * FAKEBlueMarshRelease) + (0.078 *  
    flow455.456(-1)) + inflow457(0)} 
} 
 
603 
 
Set : Tulp_up1 
{ 
 Condition : default 
 Value : max {0, (0.922 * min_flow455.456) + (0.078 *  
    FAKEBlueMarshRelease) + inflow457(+1)} 
} 
 
Set : Reading_t_2 
{ 
 Condition : default 
 Value : max {0, (Tulp_t_2 + inflow465(0) + UStoRead_t_w)} 
} 
 
Set : Reading_up1_2 
{ 
 Condition : default 
 Value : max {0, (Tulp_up1 + inflow465(+1) + UStoRead_up1)} 
} 
 
Set : Ptown_t_2 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t_2) + (0.295 * flow465.900(-1)) +  
    inflow468(0) + Man_t} 
} 
 
Set : Ptown_up1_2 /* use to get Wadesville_up1 release */ 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_up1_2) + (0.295 * Reading_t_2) + inflow468(+1) 
+  
    Man_up1} 
} 
 
/* xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx */ 
 
Set : FAKEWadesvilleTrigger_up1 
{       Value : max {0, Ptown_up1_2}} 
 
Set : FAKEWadesville_up1 
{ 
        Condition : FAKEWadesvilleTrigger_up1 >= convert_units {560, cfs, mgd} 
        Value : 0 
         
        Condition : FAKEWadesvilleTrigger_up1 < convert_units {560, cfs, mgd} 
        Value : max {0, demand470(+1)} 
} 
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Set : UWS_up1_w /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(+1) + FAKEWadesville_up1)) +  
    (0.083 * (inflow459(0) + FAKEWadesville_t)) + 
inflow460(+1))) +  
    (0.116 * ((0.917 * (FAKEWadesville_t + inflow459(0))) +  
    (0.083 * (inflow459(-1) + flow458.459(-1))) + inflow460(0)))} 
} 
 
Set : US_up1_w /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_up1_w + UES_up1 + inflow463(+1))} 
} 
 
Set : UStoRead_up1_w 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_up1_w) + (0.202 * US_t_w))) +  
    (0.122 * ((0.798 * US_t_w) + (0.202 * (flow463.900(-1)))))} 
} 
 
Set : Reading_t_w 
{ 
 Condition : default 
 Value : max {0, (Tulp_t_2 + inflow465(0) + UStoRead_t_w)} 
} 
 
Set : Reading_up1 
{ 
 Condition : default 
 Value : max {0, (Tulp_up1 + inflow465(+1) + UStoRead_up1_w)} 
} 
 
Set : Ptown_t_w 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t_w) + (0.295 * flow465.900(-1)) +  
    inflow468(0) + Man_t} 
} 
 
Set : Ptown_up1  
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_up1) + (0.295 * Reading_t_w) + inflow468(+1) +  
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    Man_up1} 
} 
 
Set : Lim_t_2 
{ 
 COndition : default 
 Value : max{0, (0.983 * Ptown_t_w) + (0.017 * flow468.900(-1)) - demand470(0)} 
} 
 
Set : Lim_up1_2 
{ 
 Condition : default 
 Value : max {0, (0.983 * Ptown_up1) + (0.017 * Ptown_t_w) - demand470(+1)} 
} 
 
Set : Vforge_t_2 
{ 
 Condition : default 
 Value : max {0, Perkiomen_Project_t + inflow480(0) + (0.875 * inflow479(0)) +  
    (0.125 * inflow479(-1)) + (0.567 * Lim_t_2) +  
    (0.433 * flow469.900(-1))} 
} 
 
Set : Vforge_up1_2 
{ 
 Condition : default 
 Value : max {0, Perkiomen_Project_up1 + inflow480(+1) + (0.875 * inflow479(+1)) 
+  
    (0.125 * inflow479(0)) + (0.567 * Lim_up1_2) + (0.433 * 
Lim_t_2)} 
} 
 
Set : Ntown_t_2 
{ 
 Condition : default 
 Value : max {0, (0.81 * Vforge_t_2) + (0.19 * flow481.900(-1)) + inflow482(0)} 
} 
 
Set : Ntown_up1_2 /* only includes 1 Wadesville release */   
{ 
 Condition : default 
 Value : max {0, (0.81 * Vforge_up1_2) + (0.19 * Vforge_t_2) + inflow482(+1)} 
} 
B.4. High Flow Target: Predictions with Drought Restrictions 
 
/*Predictions_D15_485.ocl */ 
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Set : Perkiomen_Project_t 
{ 
 Condition : default 
 Value : max {0, (0.834 * (Perk_t_2 - demand476(0))) + (0.166 * flow475.900(-1)) + 
inflow477(0) - Skipp_D15 - Perk_D15} 
} 
 
Set : Perkiomen_Project_up1 
{ 
 Condition : default 
 Value : max {0, (0.834 * (Perk_up1_2 - demand476(+1))) + (0.166 * (Perk_t_2 - 
demand476(0))) + inflow477(+1) - Skipp_D15_up1 - Perk_D15_up1} 
} 
 
Set : UES_t /* 900.463 from 462 */ 
{ 
 Condition : default 
 Value : max {0, (0.953 * ((0.784 * (inflow461(0) - Tamaqua_D15)) +  
    (0.216 * (inflow461(-1) - Tamaqua_D15(-1))) + inflow462(0) 
+ Dreh_D15)) +  
    (0.047 * ((0.784 * (inflow461(-1) - Tamaqua_D15(-1))) +  
    (0.216 * (inflow461(-2) - Tamaqua_D15(-2))) + inflow462(-1) 
+ Dreh_D15(-1)))} 
} 
 
Set : UWS_t /* 900.463 from 460 there is no release from Wadesville @ t=0 here */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(0) - Pville_D15)) +  
    (0.083 * (inflow459(-1) + flow458.459(-1) - Pville_D15(-1))) 
+  
    inflow460(0))) + (0.116 * (flow460.900(-1) -  
    Pville_D15(-1))) + Lville_D15} 
} 
 
Set : US_t /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_t + UES_t + inflow463(0) + LilSch_D15)} 
} 
 
Set : UStoRead_t 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_t) + (0.202 * (flow463.900(-1))) +  
    Maiden_D15)) + (0.122 * ((0.798 * (flow463.900(-1) +  
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    LilSch_D15(-1))) + (0.202 * (flow463.900(-2))) + 
Maiden_D15(-1)))} 
} 
 
/* Manatawny 467.468(0) and 467.468(+1) WORKS */ 
 
Set : Man_t 
{ 
 Condition : default 
 Value : max {0, (0.833 * (inflow466(0) - UMan_D15)) + (0.167 * (inflow466(-1) - 
UMan_D15)) + inflow467(0) + Mana_D15} 
} 
 
Set : Man_up1 
{ 
 Condition : default 
 Value : max {0, (0.833 * (inflow466(+1) - UMan_D15_up1)) + (0.167 * 
(inflow466(0) - UMan_D15_up1)) + inflow467(+1) + Mana_D15_up1} 
} 
 
Set : Tulp_t 
{ 
 Condition : default 
 Value : max {0, (0.922 * (min_flow455.456 - BM_D15)) + (0.078 *  
    (flow455.456(-1) - BM_D15(-1))) + inflow457(0) + 
Tulp_D15} 
} 
 
Set : Reading_t 
{ 
 Condition : default 
 Value : max {0, (Tulp_t + inflow465(0) + UStoRead_t + Read_D15)} 
} 
 
Set : Ptown_t 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t) + (0.295 * (flow465.900(-1))) +  
    inflow468(0) + Man_t - Ptown_D15} 
} 
 
Set : FAKEWadesvilleTrigger 
{       Value : max {0, Ptown_t}} 
 
Set : FAKEWadesville_t 
{ 
        Condition : FAKEWadesvilleTrigger >= convert_units {560, cfs, mgd} 
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        Value : 0 
         
        Condition : FAKEWadesvilleTrigger < convert_units {560, cfs, mgd} 
        Value : max {0, demand470(0)} 
} 
 
/* 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
*/ 
 
Set : UWS_t_w /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(0) + FAKEWadesville_t - Pville_D15)) 
+  
    (0.083 * (inflow459(-1) + flow458.459(-1) - Pville_D15(-1))) 
+ inflow460(0))) +  
    (0.116 * (flow460.900(-1))) + Lville_D15} 
} 
 
Set : US_t_w /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_t_w + UES_t + inflow463(0) + LilSch_D15)} 
} 
 
Set : UES_up1 /* 900.463 from 462 */ 
{ 
 Condition : default 
 Value : max {0, (0.953 * ((0.784 * (inflow461(+1) - Tamaqua_D15_up1)) +  
    (0.216 * (inflow461(0) - Tamaqua_D15)) + inflow462(+1) + 
Dreh_D15_up1)) +  
    (0.047 * ((0.784 * (inflow461(0)- Tamaqua_D15)) +  
    (0.216 * (inflow461(-1) - Tamaqua_D15(-1))) + inflow462(0) 
+ Dreh_D15))} 
} 
 
Set : UWS_up1 /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(+1) - Pville_D15_up1)) +  
    (0.083 * (inflow459(0) + FAKEWadesville_t - Pville_D15)) +  
    inflow460(+1))) + (0.116 * ((0.917 * (FAKEWadesville_t +  
    inflow459(0) - Pville_D15)) + (0.083 * (inflow459(-1) +  
    flow458.459(-1) - Pville_D15(-1))) + inflow460(0))) +  
    Lville_D15_up1} 
} 
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Set : US_up1 /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_up1 + UES_up1 + inflow463(+1) + LilSch_D15_up1)} 
} 
 
Set : UStoRead_t_w 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_t_w) + (0.202 * (flow463.900(-1))) + 
Maiden_D15)) +  
    (0.122 * ((0.798 * (flow463.900(-1))) + (0.202 * (flow463.900(-
2))) + Maiden_D15(-1)))} 
} 
 
Set : UStoRead_up1 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_up1) + (0.202 * US_t_w))) +  
   (0.122 * ((0.798 * US_t_w) + (0.202 * (flow463.900(-1))) + 
Maiden_D15(-1)))} 
} 
 
Set : FAKEBMTrigger 
{ 
 Condition : default 
 Value : Ntown_up1_2(-1) 
} 
 
Set : FAKEPartialWaterNeeded 
{ 
 Condition : default 
 Value : max {0, convert_units {485, cfs, mg} - FAKEBMTrigger} 
} 
 
Set : FAKEWaterNeeded 
{ 
 Condition : FAKEPartialWaterNeeded >  convert_units {0, cfs, mg} 
 Value : max {0, (3.4002 * FAKEPartialWaterNeeded)} 
  
 Condition : FAKEPartialWaterNeeded = convert_units {0, cfs, mg} 
 Value : 0 
} 
 
Set : FAKEBlueMarshRelease 
{  
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 Condition : FAKEBMTrigger > convert_units {485, cfs, mg} 
 Value : min_flow455.456 
  
 Condition : FAKEBMTrigger <=  convert_units {485, cfs, mg} 
 value : max { 0, FAKEWaterNeeded + min_flow455.456} 
} 
 
/* xxxxxxx */ 
 
 
Set : Tulp_t_2 
{ 
 Condition : default 
 Value : max {0, (0.922 * (FAKEBlueMarshRelease - BM_D15)) + (0.078 *  
    (flow455.456(-1) - BM_D15(-1))) + inflow457(0) + 
Tulp_D15} 
} 
 
Set : Tulp_up1 
{ 
 Condition : default 
 Value : max {0, (0.922 * (min_flow455.456 - BM_D15_up1)) + (0.078 *  
    (FAKEBlueMarshRelease - BM_D15)) + inflow457(+1) + 
Tulp_D15_up1} 
} 
 
Set : Reading_t_2 
{ 
 Condition : default 
 Value : max {0, (Tulp_t_2 + inflow465(0) + UStoRead_t_w + Read_D15)} 
} 
 
Set : Reading_up1_2 
{ 
 Condition : default 
 Value : max {0, (Tulp_up1 + inflow465(+1) + UStoRead_up1 + Read_D15_up1)} 
} 
 
Set : Ptown_t_2 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t_2) + (0.295 * (flow465.900(-1))) +  
    inflow468(0) + Man_t - Ptown_D15} 
} 
 
Set : Ptown_up1_2 /* use to get Wadesville_up1 release */ 
{ 
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 Condition : default 
 Value : max {0, (0.705 * Reading_up1_2) + (0.295 * Reading_t_2) + inflow468(+1) 
+  
    Man_up1 - Ptown_D15_up1} 
} 
 
/* xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx */ 
 
Set : FAKEWadesvilleTrigger_up1 
{       Value : max {0, Ptown_up1_2}} 
 
Set : FAKEWadesville_up1 
{ 
        Condition : FAKEWadesvilleTrigger_up1 >= convert_units {560, cfs, mgd} 
        Value : 0 
         
        Condition : FAKEWadesvilleTrigger_up1 < convert_units {560, cfs, mgd} 
        Value : max {0, demand470(+1)} 
} 
 
Set : UWS_up1_w /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(+1) + FAKEWadesville_up1 - 
Pville_D15_up1)) +  
    (0.083 * (inflow459(0) + FAKEWadesville_t - Pville_D15)) + 
inflow460(+1))) +  
    (0.116 * ((0.917 * (FAKEWadesville_t + inflow459(0) - 
Pville_D15)) +  
    (0.083 * (inflow459(-1) + flow458.459(-1) - Pville_D15(-1))) 
+ inflow460(0))) +  
    Lville_D15_up1} 
} 
 
Set : US_up1_w /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_up1_w + UES_up1 + inflow463(+1) + LilSch_D15_up1)} 
} 
 
Set : UStoRead_up1_w 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_up1_w) + (0.202 * US_t_w))) +  
    (0.122 * ((0.798 * US_t_w) + (0.202 * (flow463.900(-1))) + 
Maiden_D15(-1)))} 
} 
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Set : Reading_t_w 
{ 
 Condition : default 
 Value : max {0, (Tulp_t_2 + inflow465(0) + UStoRead_t_w + Read_D15)} 
} 
 
Set : Reading_up1 
{ 
 Condition : default 
 Value : max {0, (Tulp_up1 + inflow465(+1) + UStoRead_up1_w + 
Read_D15_up1)} 
} 
 
Set : Ptown_t_w 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t_w) + (0.295 * (flow465.900(-1))) +  
    inflow468(0) + Man_t - Ptown_D15} 
} 
 
Set : Ptown_up1  
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_up1) + (0.295 * Reading_t_w) + inflow468(+1) +  
    Man_up1 - Ptown_D15_up1} 
} 
 
Set : Lim_t_2 
{ 
 COndition : default 
 Value : max{0, (0.983 * Ptown_t_w) + (0.017 * (flow468.900(-1))) - demand470(0) - 
Lim_D15} 
} 
 
Set : Lim_up1_2 
{ 
 Condition : default 
 Value : max {0, (0.983 * Ptown_up1) + (0.017 * Ptown_t_w) - demand470(+1) - 
Lim_D15_up1 } 
} 
 
Set : Vforge_t_2 
{ 
 Condition : default 
 Value : max {0, Perkiomen_Project_t + inflow480(0) + (0.875 * (inflow479(0) + 
French_D15)) +  
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    (0.125 * (inflow479(-1) + French_D15(-1))) + (0.567 * 
Lim_t_2) +  
    (0.433 * (flow469.900(-1))) - ValleyCk_D15 + VForge_D15} 
} 
 
Set : Vforge_up1_2 
{ 
 Condition : default 
 Value : max {0, Perkiomen_Project_up1 + inflow480(+1) + (0.875 * (inflow479(+1) 
+  
    French_D15_up1)) + (0.125 * (inflow479(0) + French_D15)) 
+ (0.567 * Lim_up1_2) + (0.433 * Lim_t_2) -  
    ValleyCk_D15_up1 + VForge_D15_up1} 
} 
 
Set : Ntown_t_2 
{ 
 Condition : default 
 Value : max {0, (0.81 * Vforge_t_2) + (0.19 * flow481.900(-1)) + inflow482(0) + 
Ntown_D15} 
} 
 
Set : Ntown_up1_2 /* only includes 1 Wadesville release */   
{ 
 Condition : default 
 Value : max {0, (0.81 * Vforge_up1_2) + (0.19 * Vforge_t_2) + inflow482(+1) + 
Ntown_D15_up1} 
} 
 
B.5. Low Flow Target: Release 
/*  FlowTarget_385.ocl  */ 
 
Set : BMTrigger 
{ 
 Condition : default 
 Value : Ntown_up1_2(-1) 
} 
 
Set : PartialWaterNeeded 
{ 
 Condition : default 
 Value : max {0, convert_units {385, cfs, mg} - BMTrigger} 
} 
 
Set : WaterNeeded 
{ 
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 Condition : PartialWaterNeeded >  convert_units {0, cfs, mg} 
 Value : max {0, (3.4002 * PartialWaterNeeded)} 
  
 Condition : PartialWaterNeeded = convert_units {0, cfs, mg} 
 Value : 0 
} 
 
Set : BlueMarshRelease 
{  
 Condition : BMTrigger > convert_units {385, cfs, mg} 
 Value : min_flow455.456 
  
 Condition : BMTrigger <=  convert_units {385, cfs, mg} 
 value : max { 0, WaterNeeded + min_flow455.456} 
}  
 
Target  : dflow455.456 
{   
  Condition : default 
        Priority : 1 
        Penalty+ : 1 
        Penalty- : 5500 
        Value : BlueMarshRelease 
} 
B.6. Low Flow Target: Predictions 
/*Predictions_noD_385.ocl */ 
 
Set : Perkiomen_Project_t 
{ 
 Condition : default 
 Value : max {0, (0.834 * (Perk_t_2 - demand476(0))) + (0.166 * flow475.900(-1)) + 
inflow477(0)} 
} 
 
Set : Perkiomen_Project_up1 
{ 
 Condition : default 
 Value : max {0, (0.834 * (Perk_up1_2 - demand476(+1))) + (0.166 * (Perk_t_2 - 
demand476(0))) + inflow477(+1)} 
} 
 
Set : UES_t /* 900.463 from 462 */ 
{ 
 Condition : default 
 Value : max {0, (0.953 * ((0.784 * inflow461(0)) +  
    (0.216 * inflow461(-1)) + inflow462(0))) +  
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    (0.047 * ((0.784 * inflow461(-1)) +  
    (0.216 * inflow461(-2)) + inflow462(-1)))} 
} 
 
Set : UWS_t /* 900.463 from 460 there is no release from Wadesville @ t=0 here */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * inflow459(0)) +  
    (0.083 * (inflow459(-1) + flow458.459(-1))) +  
    inflow460(0))) + (0.116 * flow460.900(-1))} 
} 
 
Set : US_t /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_t + UES_t + inflow463(0))} 
} 
 
Set : UStoRead_t 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_t) + (0.202 * flow463.900(-1)))) + (0.122 * 
((0.798 * flow463.900(-1)) +  
    (0.202 * flow463.900(-2))))} 
} 
 
Set : Man_t 
{ 
 Condition : default 
 Value : max {0, (0.833 * inflow466(0)) + (0.167 * inflow466(-1)) + inflow467(0)} 
} 
 
Set : Man_up1 
{ 
 Condition : default 
 Value : max {0, (0.833 * inflow466(+1)) + (0.167 * inflow466(0)) + inflow467(+1)} 
} 
 
Set : Tulp_t 
{ 
 Condition : default 
 Value : max {0, (0.922 * min_flow455.456) + (0.078 *  
    flow455.456(-1)) + inflow457(0)} 
} 
 
Set : Reading_t 
{ 
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 Condition : default 
 Value : max {0, (Tulp_t + inflow465(0) + UStoRead_t)} 
} 
 
Set : Ptown_t 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t) + (0.295 * flow465.900(-1)) +  
    inflow468(0) + Man_t} 
} 
 
Set : FAKEWadesvilleTrigger 
{       Value : max {0, Ptown_t}} 
 
Set : FAKEWadesville_t 
{ 
        Condition : FAKEWadesvilleTrigger >= convert_units {560, cfs, mgd} 
        Value : 0 
         
        Condition : FAKEWadesvilleTrigger < convert_units {560, cfs, mgd} 
        Value : max {0, demand470(0)} 
} 
 
/* 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
*/ 
 
Set : UWS_t_w /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(0) + FAKEWadesville_t)) +  
    (0.083 * (inflow459(-1) + flow458.459(-1))) + inflow460(0))) 
+  
    (0.116 * flow460.900(-1))} 
} 
 
Set : US_t_w /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_t_w + UES_t + inflow463(0))} 
} 
 
Set : UES_up1 /* 900.463 from 462 */ 
{ 
 Condition : default 
 Value : max {0, (0.953 * ((0.784 * inflow461(+1)) +  
    (0.216 * inflow461(0)) + inflow462(+1))) +  
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    (0.047 * ((0.784 * inflow461(0)) +  
    (0.216 * inflow461(-1)) + inflow462(0)))} 
} 
 
Set : UWS_up1 /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * inflow459(+1)) +  
    (0.083 * (inflow459(0) + FAKEWadesville_t)) +  
    inflow460(+1))) + (0.116 * ((0.917 * (FAKEWadesville_t +  
    inflow459(0))) + (0.083 * (inflow459(-1) +  
    flow458.459(-1))) + inflow460(0)))} 
} 
 
Set : US_up1 /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_up1 + UES_up1 + inflow463(+1))} 
} 
 
Set : UStoRead_t_w 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_t_w) + (0.202 * flow463.900(-1)))) +  
    (0.122 * ((0.798 * flow463.900(-1)) + (0.202 * flow463.900(-
2))))} 
} 
 
Set : UStoRead_up1 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_up1) + (0.202 * US_t_w))) +  
   (0.122 * ((0.798 * US_t_w) + (0.202 * flow463.900(-1))))} 
} 
 
Set : FAKEBMTrigger 
{ 
 Condition : default 
 Value : Ntown_up1_2(-1) 
} 
 
Set : FAKEPartialWaterNeeded 
{ 
 Condition : default 
 Value : max {0, convert_units {385, cfs, mg} - FAKEBMTrigger} 
} 
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Set : FAKEWaterNeeded 
{ 
 Condition : FAKEPartialWaterNeeded >  convert_units {0, cfs, mg} 
 Value : max {0, (3.4002 * FAKEPartialWaterNeeded)} 
  
 Condition : FAKEPartialWaterNeeded = convert_units {0, cfs, mg} 
 Value : 0 
} 
 
Set : FAKEBlueMarshRelease 
{  
 Condition : FAKEBMTrigger > convert_units {385, cfs, mg} 
 Value : min_flow455.456 
  
 Condition : FAKEBMTrigger <=  convert_units {385, cfs, mg} 
 value : max { 0, FAKEWaterNeeded + min_flow455.456} 
} 
 
/* xxxxxxx */ 
 
 
Set : Tulp_t_2 
{ 
 Condition : default 
 Value : max {0, (0.922 * FAKEBlueMarshRelease) + (0.078 *  
    flow455.456(-1)) + inflow457(0)} 
} 
 
Set : Tulp_up1 
{ 
 Condition : default 
 Value : max {0, (0.922 * min_flow455.456) + (0.078 *  
    FAKEBlueMarshRelease) + inflow457(+1)} 
} 
 
Set : Reading_t_2 
{ 
 Condition : default 
 Value : max {0, (Tulp_t_2 + inflow465(0) + UStoRead_t_w)} 
} 
 
Set : Reading_up1_2 
{ 
 Condition : default 
 Value : max {0, (Tulp_up1 + inflow465(+1) + UStoRead_up1)} 
} 
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Set : Ptown_t_2 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t_2) + (0.295 * flow465.900(-1)) +  
    inflow468(0) + Man_t} 
} 
 
Set : Ptown_up1_2 /* use to get Wadesville_up1 release */ 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_up1_2) + (0.295 * Reading_t_2) + inflow468(+1) 
+  
    Man_up1} 
} 
 
/* xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx */ 
 
Set : FAKEWadesvilleTrigger_up1 
{       Value : max {0, Ptown_up1_2}} 
 
Set : FAKEWadesville_up1 
{ 
        Condition : FAKEWadesvilleTrigger_up1 >= convert_units {560, cfs, mgd} 
        Value : 0 
         
        Condition : FAKEWadesvilleTrigger_up1 < convert_units {560, cfs, mgd} 
        Value : max {0, demand470(+1)} 
} 
 
Set : UWS_up1_w /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(+1) + FAKEWadesville_up1)) +  
    (0.083 * (inflow459(0) + FAKEWadesville_t)) + 
inflow460(+1))) +  
    (0.116 * ((0.917 * (FAKEWadesville_t + inflow459(0))) +  
    (0.083 * (inflow459(-1) + flow458.459(-1))) + inflow460(0)))} 
} 
 
Set : US_up1_w /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_up1_w + UES_up1 + inflow463(+1))} 
} 
 
Set : UStoRead_up1_w 
{ 
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 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_up1_w) + (0.202 * US_t_w))) +  
    (0.122 * ((0.798 * US_t_w) + (0.202 * (flow463.900(-1)))))} 
} 
 
Set : Reading_t_w 
{ 
 Condition : default 
 Value : max {0, (Tulp_t_2 + inflow465(0) + UStoRead_t_w)} 
} 
 
Set : Reading_up1 
{ 
 Condition : default 
 Value : max {0, (Tulp_up1 + inflow465(+1) + UStoRead_up1_w)} 
} 
 
Set : Ptown_t_w 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t_w) + (0.295 * flow465.900(-1)) +  
    inflow468(0) + Man_t} 
} 
 
Set : Ptown_up1  
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_up1) + (0.295 * Reading_t_w) + inflow468(+1) +  
    Man_up1} 
} 
 
Set : Lim_t_2 
{ 
 COndition : default 
 Value : max{0, (0.983 * Ptown_t_w) + (0.017 * flow468.900(-1)) - demand470(0)} 
} 
 
Set : Lim_up1_2 
{ 
 Condition : default 
 Value : max {0, (0.983 * Ptown_up1) + (0.017 * Ptown_t_w) - demand470(+1)} 
} 
 
Set : Vforge_t_2 
{ 
 Condition : default 
 Value : max {0, Perkiomen_Project_t + inflow480(0) + (0.875 * inflow479(0)) +  
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    (0.125 * inflow479(-1)) + (0.567 * Lim_t_2) +  
    (0.433 * flow469.900(-1))} 
} 
 
Set : Vforge_up1_2 
{ 
 Condition : default 
 Value : max {0, Perkiomen_Project_up1 + inflow480(+1) + (0.875 * inflow479(+1)) 
+  
    (0.125 * inflow479(0)) + (0.567 * Lim_up1_2) + (0.433 * 
Lim_t_2)} 
} 
 
Set : Ntown_t_2 
{ 
 Condition : default 
 Value : max {0, (0.81 * Vforge_t_2) + (0.19 * flow481.900(-1)) + inflow482(0)} 
} 
 
Set : Ntown_up1_2 /* only includes 1 Wadesville release */   
{ 
 Condition : default 
 Value : max {0, (0.81 * Vforge_up1_2) + (0.19 * Vforge_t_2) + inflow482(+1)} 
} 
Low Flow Target: Predictions with Drought Restrictions 
 
/*Predictions_D15_385.ocl */ 
 
Set : Perkiomen_Project_t 
{ 
 Condition : default 
 Value : max {0, (0.834 * (Perk_t_2 - demand476(0))) + (0.166 * flow475.900(-1)) + 
inflow477(0) - Skipp_D15 - Perk_D15} 
} 
 
Set : Perkiomen_Project_up1 
{ 
 Condition : default 
 Value : max {0, (0.834 * (Perk_up1_2 - demand476(+1))) + (0.166 * (Perk_t_2 - 
demand476(0))) + inflow477(+1) - Skipp_D15_up1 - Perk_D15_up1} 
} 
 
Set : UES_t /* 900.463 from 462 */ 
{ 
 Condition : default 
 Value : max {0, (0.953 * ((0.784 * (inflow461(0) - Tamaqua_D15)) +  
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    (0.216 * (inflow461(-1) - Tamaqua_D15(-1))) + inflow462(0) 
+ Dreh_D15)) +  
    (0.047 * ((0.784 * (inflow461(-1) - Tamaqua_D15(-1))) +  
    (0.216 * (inflow461(-2) - Tamaqua_D15(-2))) + inflow462(-1) 
+ Dreh_D15(-1)))} 
} 
 
Set : UWS_t /* 900.463 from 460 there is no release from Wadesville @ t=0 here */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(0) - Pville_D15)) +  
    (0.083 * (inflow459(-1) + flow458.459(-1) - Pville_D15(-1))) 
+  
    inflow460(0))) + (0.116 * (flow460.900(-1) -  
    Pville_D15(-1))) + Lville_D15} 
} 
 
Set : US_t /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_t + UES_t + inflow463(0) + LilSch_D15)} 
} 
 
Set : UStoRead_t 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_t) + (0.202 * (flow463.900(-1))) +  
    Maiden_D15)) + (0.122 * ((0.798 * (flow463.900(-1) +  
    LilSch_D15(-1))) + (0.202 * (flow463.900(-2))) + 
Maiden_D15(-1)))} 
} 
 
/* Manatawny 467.468(0) and 467.468(+1) WORKS */ 
 
Set : Man_t 
{ 
 Condition : default 
 Value : max {0, (0.833 * (inflow466(0) - UMan_D15)) + (0.167 * (inflow466(-1) - 
UMan_D15)) + inflow467(0) + Mana_D15} 
} 
 
Set : Man_up1 
{ 
 Condition : default 
 Value : max {0, (0.833 * (inflow466(+1) - UMan_D15_up1)) + (0.167 * 
(inflow466(0) - UMan_D15_up1)) + inflow467(+1) + Mana_D15_up1} 
} 
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Set : Tulp_t 
{ 
 Condition : default 
 Value : max {0, (0.922 * (min_flow455.456 - BM_D15)) + (0.078 *  
    (flow455.456(-1) - BM_D15(-1))) + inflow457(0) + 
Tulp_D15} 
} 
 
Set : Reading_t 
{ 
 Condition : default 
 Value : max {0, (Tulp_t + inflow465(0) + UStoRead_t + Read_D15)} 
} 
 
Set : Ptown_t 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t) + (0.295 * (flow465.900(-1))) +  
    inflow468(0) + Man_t - Ptown_D15} 
} 
 
Set : FAKEWadesvilleTrigger 
{       Value : max {0, Ptown_t}} 
 
Set : FAKEWadesville_t 
{ 
        Condition : FAKEWadesvilleTrigger >= convert_units {560, cfs, mgd} 
        Value : 0 
         
        Condition : FAKEWadesvilleTrigger < convert_units {560, cfs, mgd} 
        Value : max {0, demand470(0)} 
} 
 
/* 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
*/ 
 
Set : UWS_t_w /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(0) + FAKEWadesville_t - Pville_D15)) 
+  
    (0.083 * (inflow459(-1) + flow458.459(-1) - Pville_D15(-1))) 
+ inflow460(0))) +  
    (0.116 * (flow460.900(-1))) + Lville_D15} 
} 
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Set : US_t_w /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_t_w + UES_t + inflow463(0) + LilSch_D15)} 
} 
 
Set : UES_up1 /* 900.463 from 462 */ 
{ 
 Condition : default 
 Value : max {0, (0.953 * ((0.784 * (inflow461(+1) - Tamaqua_D15_up1)) +  
    (0.216 * (inflow461(0) - Tamaqua_D15)) + inflow462(+1) + 
Dreh_D15_up1)) +  
    (0.047 * ((0.784 * (inflow461(0)- Tamaqua_D15)) +  
    (0.216 * (inflow461(-1) - Tamaqua_D15(-1))) + inflow462(0) 
+ Dreh_D15))} 
} 
 
Set : UWS_up1 /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(+1) - Pville_D15_up1)) +  
    (0.083 * (inflow459(0) + FAKEWadesville_t - Pville_D15)) +  
    inflow460(+1))) + (0.116 * ((0.917 * (FAKEWadesville_t +  
    inflow459(0) - Pville_D15)) + (0.083 * (inflow459(-1) +  
    flow458.459(-1) - Pville_D15(-1))) + inflow460(0))) +  
    Lville_D15_up1} 
} 
 
Set : US_up1 /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_up1 + UES_up1 + inflow463(+1) + LilSch_D15_up1)} 
} 
 
Set : UStoRead_t_w 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_t_w) + (0.202 * (flow463.900(-1))) + 
Maiden_D15)) +  
    (0.122 * ((0.798 * (flow463.900(-1))) + (0.202 * (flow463.900(-
2))) + Maiden_D15(-1)))} 
} 
 
Set : UStoRead_up1 
{ 
 Condition : default 
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 Value : max {0, (0.878 * ((0.798 * US_up1) + (0.202 * US_t_w))) +  
   (0.122 * ((0.798 * US_t_w) + (0.202 * (flow463.900(-1))) + 
Maiden_D15(-1)))} 
} 
 
Set : FAKEBMTrigger 
{ 
 Condition : default 
 Value : Ntown_up1_2(-1) 
} 
 
Set : FAKEPartialWaterNeeded 
{ 
 Condition : default 
 Value : max {0, convert_units {385, cfs, mg} - FAKEBMTrigger} 
} 
 
Set : FAKEWaterNeeded 
{ 
 Condition : FAKEPartialWaterNeeded >  convert_units {0, cfs, mg} 
 Value : max {0, (3.4002 * FAKEPartialWaterNeeded)} 
  
 Condition : FAKEPartialWaterNeeded = convert_units {0, cfs, mg} 
 Value : 0 
} 
 
Set : FAKEBlueMarshRelease 
{  
 Condition : FAKEBMTrigger > convert_units {385, cfs, mg} 
 Value : min_flow455.456 
  
 Condition : FAKEBMTrigger <=  convert_units {385, cfs, mg} 
 value : max { 0, FAKEWaterNeeded + min_flow455.456} 
} 
 
/* xxxxxxx */ 
 
 
Set : Tulp_t_2 
{ 
 Condition : default 
 Value : max {0, (0.922 * (FAKEBlueMarshRelease - BM_D15)) + (0.078 *  
    (flow455.456(-1) - BM_D15(-1))) + inflow457(0) + 
Tulp_D15} 
} 
 
Set : Tulp_up1 
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{ 
 Condition : default 
 Value : max {0, (0.922 * (min_flow455.456 - BM_D15_up1)) + (0.078 *  
    (FAKEBlueMarshRelease - BM_D15)) + inflow457(+1) + 
Tulp_D15_up1} 
} 
 
Set : Reading_t_2 
{ 
 Condition : default 
 Value : max {0, (Tulp_t_2 + inflow465(0) + UStoRead_t_w + Read_D15)} 
} 
 
Set : Reading_up1_2 
{ 
 Condition : default 
 Value : max {0, (Tulp_up1 + inflow465(+1) + UStoRead_up1 + Read_D15_up1)} 
} 
 
Set : Ptown_t_2 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t_2) + (0.295 * (flow465.900(-1))) +  
    inflow468(0) + Man_t - Ptown_D15} 
} 
 
Set : Ptown_up1_2 /* use to get Wadesville_up1 release */ 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_up1_2) + (0.295 * Reading_t_2) + inflow468(+1) 
+  
    Man_up1 - Ptown_D15_up1} 
} 
 
/* xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx */ 
 
Set : FAKEWadesvilleTrigger_up1 
{       Value : max {0, Ptown_up1_2}} 
 
Set : FAKEWadesville_up1 
{ 
        Condition : FAKEWadesvilleTrigger_up1 >= convert_units {560, cfs, mgd} 
        Value : 0 
         
        Condition : FAKEWadesvilleTrigger_up1 < convert_units {560, cfs, mgd} 
        Value : max {0, demand470(+1)} 
} 
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Set : UWS_up1_w /* 900.463 from 460 */ 
{ 
 Condition : default 
 Value : max {0, (0.884 * ((0.917 * (inflow459(+1) + FAKEWadesville_up1 - 
Pville_D15_up1)) +  
    (0.083 * (inflow459(0) + FAKEWadesville_t - Pville_D15)) + 
inflow460(+1))) +  
    (0.116 * ((0.917 * (FAKEWadesville_t + inflow459(0) - 
Pville_D15)) +  
    (0.083 * (inflow459(-1) + flow458.459(-1) - Pville_D15(-1))) 
+ inflow460(0))) +  
    Lville_D15_up1} 
} 
 
Set : US_up1_w /* Little Schuylkill node 463.900 t(0) */ 
{ 
 Condition : default 
 Value : max {0, (UWS_up1_w + UES_up1 + inflow463(+1) + LilSch_D15_up1)} 
} 
 
Set : UStoRead_up1_w 
{ 
 Condition : default 
 Value : max {0, (0.878 * ((0.798 * US_up1_w) + (0.202 * US_t_w))) +  
    (0.122 * ((0.798 * US_t_w) + (0.202 * (flow463.900(-1))) + 
Maiden_D15(-1)))} 
} 
 
Set : Reading_t_w 
{ 
 Condition : default 
 Value : max {0, (Tulp_t_2 + inflow465(0) + UStoRead_t_w + Read_D15)} 
} 
 
Set : Reading_up1 
{ 
 Condition : default 
 Value : max {0, (Tulp_up1 + inflow465(+1) + UStoRead_up1_w + 
Read_D15_up1)} 
} 
 
Set : Ptown_t_w 
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_t_w) + (0.295 * (flow465.900(-1))) +  
    inflow468(0) + Man_t - Ptown_D15} 
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} 
 
Set : Ptown_up1  
{ 
 Condition : default 
 Value : max {0, (0.705 * Reading_up1) + (0.295 * Reading_t_w) + inflow468(+1) +  
    Man_up1 - Ptown_D15_up1} 
} 
 
Set : Lim_t_2 
{ 
 COndition : default 
 Value : max{0, (0.983 * Ptown_t_w) + (0.017 * (flow468.900(-1))) - demand470(0) - 
Lim_D15} 
} 
 
Set : Lim_up1_2 
{ 
 Condition : default 
 Value : max {0, (0.983 * Ptown_up1) + (0.017 * Ptown_t_w) - demand470(+1) - 
Lim_D15_up1 } 
} 
 
Set : Vforge_t_2 
{ 
 Condition : default 
 Value : max {0, Perkiomen_Project_t + inflow480(0) + (0.875 * (inflow479(0) + 
French_D15)) +  
    (0.125 * (inflow479(-1) + French_D15(-1))) + (0.567 * 
Lim_t_2) +  
    (0.433 * (flow469.900(-1))) - ValleyCk_D15 + VForge_D15} 
} 
 
Set : Vforge_up1_2 
{ 
 Condition : default 
 Value : max {0, Perkiomen_Project_up1 + inflow480(+1) + (0.875 * (inflow479(+1) 
+  
    French_D15_up1)) + (0.125 * (inflow479(0) + French_D15)) 
+ (0.567 * Lim_up1_2) + (0.433 * Lim_t_2) -  
    ValleyCk_D15_up1 + VForge_D15_up1} 
} 
 
Set : Ntown_t_2 
{ 
 Condition : default 
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 Value : max {0, (0.81 * Vforge_t_2) + (0.19 * flow481.900(-1)) + inflow482(0) + 
Ntown_D15} 
} 
 
Set : Ntown_up1_2 /* only includes 1 Wadesville release */   
{ 
 Condition : default 
 Value : max {0, (0.81 * Vforge_up1_2) + (0.19 * Vforge_t_2) + inflow482(+1) + 
Ntown_D15_up1} 
} 
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Appendix C Model Verification 
C.1. Verification Approach 
A functional verification of the Schuylkill River OASIS model is presented here to 
demonstrate the model is executing as programmed.  Verification involves testing if the 
program is performing as directed, as opposed to validation which tests that the 
conceptual formulation of the program is accurate (Law AM and Kelton WD 1991).  
Regarding the Schuylkill River OASIS model, verification is more appropriate than 
validation because the model is not simulating the hydrologic cycle to produce 
streamflow results.  Rather, the Schuylkill River OASIS model is taking observed 
historical streamflow data and manipulating it with computer subroutines. 
A combination of modular programming, modular testing, and statistical comparison 
are verification techniques applied to the Schuylkill River OASIS model (Kleijnen JPC 
1995).  Modular programming and testing simply involves breaking programming 
objectives, or in this case policies, down into smaller subroutines that can be tested and 
verified independently of overlapping policies.  Statistical comparison is used to verify 
that model output generated by the inflow database and baseline subroutines reproduce 
the observed historical streamflow record. 
The programming language of OASIS is the Operations Control Language (OCL).  OCL 
is FORTRAN based and unique to OASIS.   
The Schuylkill River OASIS model has two components, deterministic simulation and 
linear programming, listed in Table C.1-1.    
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Table C.1-1 Model Components 
Linear Programming  
Deterministic Simulation 
Uniquely 
Determined Input OCL Subroutines 
Flood Pool Daily Inflows  (Static database) Routing Equations 
Reservoir Pools  Drought Trigger and Demand Restriction Policy 
Reservoir Hedging  Limerick Augmentation Policies 
Flow Target  Seasonal Reservoir Rule Curve 
 
 Flow Target Release Size 
 
 
 
The linear programming optimization component maximizes the objective function 
(Section 4.8) according to the order of priority of decision variables assigned by the user 
as weights.  Decision variable weights are used to ensure water is only stored in the 
flood pool during flood events, the reservoir fills from bottom to top and empties from 
top to bottom, and that the flow target is released from the reservoir pools designated in 
the three hedging policy series (Section 3.4). 
The deterministic component is comprised of uniquely determined inputs and OCL 
subroutines programmed to carry out watershed policies.  The uniquely determined 
inputs include the daily inflows calculated from historical streamflow data outside of 
the OASIS modeling environment as described in Sections 4.4 and 4.5. 
OCL subroutines are considered here to be a component of the deterministic simulation 
because the policy subroutines will not change during the full time span of each 
simulation, 64 years in this analysis.  For example, once the reservoir seasonal rule curve 
is set, each spring and fall the reservoir storage will be adjusted by the model to meet the 
same storage objective per season for all 64 years. 
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The inflows, subroutines and weights work together in combination to produce the 
variety of policies explored with the Schuylkill River OASIS model.  In order to verify 
that each component is working correctly, and working with the other components 
correctly, five verification objectives must be met.  The baseline model is used in the first 
three verification objectives, and the fourth and fifth objectives require demonstration of 
specific policy programming. 
The five verification objectives include: 
1. Blue Marsh Reservoir, node 455, follows the seasonal rule curve in Section 3.3. 
2. The Limerick augmentation policies release the correct amount of water from 
Bradshaw Reservoir and Wadesville when triggered. 
3. The historical streamflow record is replicated by the baseline model. 
4. The flow target policy maintains the designated target at node 482 Norristown when 
water is available in the Blue Marsh Reservoir, node 455. 
5. The drought demand restriction policies return the correct amount of water to each 
reach when drought is triggered. 
Demonstrations of reservoir operations, Limerick augmentation, flow target, and 
drought restriction subroutines are presented using one to two months of model results 
and subroutine calculations.  Statistical verification of model results to observed data 
uses the most recent 15 years of the simulation from 1996 to 2011.  Instances where 
model output differs from observed data due to DRBC directed releases or how the 
actual Limerick augmentation decision making process differs from that in the Limerick 
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subroutine are highlighted and the differences explained.  The flow target and drought 
demand restriction subroutines are verified during a drought that occurred in the 
summer of 1957.   
In Table C.1-2 each verification objective is presented, broken down into distinct 
components to verify, and listed next to the individual model components whose 
functionality is being verified.  All model components presented in Table C.1-1 are 
represented in Table C.1-2.  
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Table C.1-2 Verification Objectives and Components 
Verification 
Objective Verification Components 
Model 
Component(s) 
Involved in 
Verification 
Blue Marsh 
Reservoir, node 455, 
follows the seasonal 
pool elevation 
schedule. 
Appendix C.1.1 
The reservoir maintains a 290 Ft summer 
elevation and 285 Ft winter elevation. Verified 
manually by comparison to seasonal schedule and 
observed data during normal conditions, DRBC 
directed releases, and the September 2006 flood. 
Deterministic 
Components: 
Seasonal Reservoir 
Rule Curve and 
Flooding 
Subroutines 
 
Linear 
Programming 
Component: 
Flood and 
Reservoir Pools 
The Limerick 
augmentation 
policies release 
water from 
Bradshaw Reservoir 
and Wadesville 
when triggered. 
Appendix C.1.2 
Node 472 Bradshaw Reservoir is maintaining the 
minimum required flow at node 473 Dublin and 
releasing the correct amount when triggered by 
streamflow at 475 Graterford. Deterministic 
Components: 
Limerick 
Augmentation 
Subroutines 
Node 458 Wadesville is releasing the correct 
amount when triggered by 468 Pottstown. 
Output at 482 Norristown is compared to 
historical Norristown streamflow during a period 
of observed and simulated Limerick 
augmentation policy operations. 
The historical 
streamflow record is 
replicated by the 
baseline model. 
Appendix C.1.3 
All routing equations are written correctly.  
Tested by looking for no upward or downward 
trends in the channel storage reservoir and 
agreement with the observed historical 
streamflow record. 
Deterministic 
Components: 
Daily Inflows, 
Routing Equation 
Subroutine The historical streamflow record is replicated by the inflow database and routing coefficients.  
Statistical comparison is used to verify agreement. 
The flow target 
policy maintains the 
designated target at 
node 482 
Norristown when 
water is available. 
Appendix C.1.4 
The subroutine calculating the amount of water 
needed to hit the flow target is calculating the 
correct amount. 
Deterministic 
Component:  
Flow Target 
Subroutine 
 
Linear 
Programming: 
Flow Target and 
Reservoir Hedging 
The subroutine estimating that a flow target 
release will need to be made is calling for a release 
at the correct time. 
The flow target release is made from the correct 
reservoir pool according to each hedging policy, 
Section 3.3.  Output verified manually to check 
the accuracy of these three components. 
Drought water use 
restrictions occur 
when drought is 
triggered. 
Appendix C.1.5 
The drought triggers are calculated correctly. Deterministic Components: 
Drought Trigger 
and Demand 
Restriction 
Subroutines 
The correct amounts of water are returned to the river 
in both restriction scenarios. Output verified 
manually to check the accuracy of these 
components. 
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C.1.1. Blue Marsh Seasonal Pool Elevation Schedule 
The Blue Marsh seasonal pool elevation schedule identifies what elevation the top of the 
recreation pool is held at throughout different times of the year, and when to release or 
store water to move from one elevation to another.  The schedule used in the baseline 
model and all other policy runs is the seasonal schedule of the reservoir in the Army 
Corps of Engineers 1996 Blue Marsh Reservoir Water Control Manual.  Table C.1-3 lists 
the schedule for the highest elevation that water is stored and maintained during the 
summer and winter.  Refill and drawdown are fifteen day periods during the year 
where reservoir operators, and the model, incrementally add or decrease water to the 
reservoir to reach the summer and winter pool elevations respectively. 
 
 
 
Table C.1-3  Blue Marsh Seasonal Pool Elevation Schedule 
Period Elevation, Ft Dates 
Refill 285 – 290 Apr 1 – Apr 15 
Summer Pool 290 Apr 16 – Sept 30 
Drawdown 290 - 285 Oct 1 – Oct 15 
Winter Pool 285 Oct 16 – Mar 31 
 
 
 
In order to verify the model is raising and lowering the seasonal pool to meet the 
schedule presented in Table C.1-3, the last four years of the baseline model results for 
Blue Marsh Reservoir and the observed USGS record of the reservoir elevation and 
releases are presented below in Figure C.1-1.  Simulated and observed reservoir releases 
are presented in Figure C.1-1 in addition to elevation.  This demonstrates that when a 
difference between simulated and observed elevation occurs it can be explained by a 
difference between simulated and observed reservoir releases.  Additionally, two events 
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are highlighted in the graphs and further explained; DRBC directed releases in the 
summer of 2010 and Tropical Storm Lee on September 8, 2011. 
The upper graph in Figure C.1-1 shows the model, red line, is following the seasonal 
pool elevation schedule exactly; beginning and accomplishing drawdown and refill 
within 15 days and maintaining the summer and winter pools.  The observed elevation 
data reflects greater variability in the schedule, where refill and drawdown may not 
start exactly on the schedule date each year and may not be accomplished in exactly 15 
days.  The differences between the observed and simulated elevations are reflected in 
the lower graph as differences in observed and simulated reservoir releases.  To 
maintain the seasonal pools exactly at 285 Ft or 290 Ft, the model makes slightly larger 
releases than observed because it does not let the pool level fluctuate up with storms as 
reflected by the observed elevation data.  In the observed data, once the reservoir 
elevation fluctuates up due to a storm, releases over the following days are used to 
return the pool to the scheduled elevation. 
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Figure C.1-1 Baseline Model Blue Marsh Reservoir Seasonal Pool Schedule Verification 
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In the baseline model the pool level will fluctuate above or below the seasonal elevation 
schedule due to reduced inflow and large storm events respectively.  Two examples of 
this are highlighted by the sections of time series circled in Figure C.1-1 that include 
DRBC directed releases and Tropical Storm Lee. 
2010 DRBC Directed Releases 
In the summer of 2010 the Schuylkill River experienced severe low streamflow prior to 
the formal declarations of drought warning by Pennsylvania for Philadelphia County on 
September 16th, 2010 and of Lower Basin Drought Warning by DRBC on September 24th, 
2010.  On August 9th, 2010 DRBC, in collaboration with the Army Corps of Engineers, 
PADEP, and PWD, directed reservoir releases from Blue Marsh for low streamflow 
augmentation of the Schuylkill River.  For thirty-seven days from August 9th to 
September 24th, 2010 approximately 3.9 billion gallons was released in daily increments 
ranging from 150-350 CFS above the 50 CFS conservation release.  The directed releases 
reduced the reservoir elevation below the seasonal pool of 290 Ft to a low of 281.9 Ft on 
September 27th, 2010. 
The directed releases are an isolated intervention and not a routine watershed policy, 
therefore not included in the model, which is why in Figure C.1-1 the observed and 
simulated reservoir elevations and releases differ.  Precipitation on September 30th to 
October 1st, 2010 refilled Blue Marsh Reservoir to the seasonal pool elevation.  This 
precipitation is present in the model results as a very large reservoir release, because the 
simulated reservoir pool elevation was already at 290 Ft therefore the precipitation was 
released the day it occurred. 
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The observed and simulated reservoir elevations and releases in the example of the 
summer of 2010 support reservoir verification because the observed data and simulated 
results should not have agreed due to the directed releases acting only on the observed 
data (Figure C.1-1). 
2011 Tropical Storm Lee 
Between September 5th and September 9th, 2011 the Schuylkill River watershed received 
over 8 inches of precipitation from Tropical Storm Lee.  The precipitation led to Blue 
Marsh Reservoir filling past the seasonal elevation of 290 Ft and over the spillway 
located at 307 Ft to a record 309 Ft on September 9th, 2011.  The Army Corps of Engineers 
1996 Blue Marsh Reservoir Water Control Manual includes the procedures that outline 
what size reservoir releases should be made when the reservoir pool approaches the 
spillway elevation.  These procedures, governed by downstream streamflow at Reading, 
are reproduced in the model and Table 4.7-1. 
The Schuylkill River OASIS model is not suited to flood wave analysis because a time 
step less than one day is required to simulate the instantaneous streamflow of a fast 
moving flood wave.  However, a demonstration of how the model handles a severe 
flood is presented here because it is a function of a negative weight applied to the flood 
storage pool and a subroutine that incorporates spillway releases and the release 
protocol detailed in Table 4.7-1. 
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Figure C.1-2 Flood Subroutine Demonstration, 2011 Tropical Storm Lee 
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The top graph in Figure C.1-2 presents the observed and simulated streamflow at 
Reading before, during, and after Tropical Storm Lee.  The simulated results peak on the 
same day, 09-08-2011, but do not peak at the same streamflow.  The simulated results 
peak at a slightly lower streamflow than the observed data.  Additionally, the simulated 
Reading results are slightly higher than the observed streamflow in the hydrograph 
recession following peak streamflow.  In the days following peak recession, the 
simulated results and observed data return to approximate agreement on 09-16-2011.  As 
described above, the results do not reach exact agreement with observed data because of 
the precision of the model reservoir pool elevation at 290.000 Ft and the less precise 
observed reservoir pool elevation.  The differences in release size required to maintain a 
precise pool elevation and an approximate pool elevation are minimal, and may be seen 
in the lower two graphs in Figure C.1-2 from 09-16-2011 through 09-30-2011. 
The central graph in Figure C.1-2 presents the simulated and observed Blue Marsh 
elevation before, during, and after Tropical Storm Lee.  The simulated pool elevation 
reaches the same peak elevation as observed on the same day, 09-09-2011.  The 
simulated reservoir elevation begins to rise a day later than observed and returns to the 
scheduled elevation a day earlier than observed.  This is because the reservoir releases 
are dramatically different than observed, lowest graph in Figure C.1-2. 
The simulated and observed reservoir releases throughout the event are different for 
two reasons.  First, in the observed data a large release was not made at the beginning of 
the storm event when the pool initially began to rise.  In the model a large release was 
made during this time, and the release has implications on simulated streamflow at 
Reading which guides the size of reservoir releases according to Table 4.7-1.  Second, the 
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model uses the prior day simulated streamflow at Reading and reservoir elevation to 
inform the release decision, whereas dam operators are able to make decisions for a 
release based on streamflow on the day of the release.  This is critical during flood 
events because streamflow and reservoir elevations rapidly rise and change from 
conditions observed the prior day. 
The differences in the observed and simulated reservoir releases demonstrate why a 
daily simulation model is not appropriate for flood simulation.  However, the model is 
functioning as programmed by storing water in the flood pool and releasing it according 
to the release rules as programmed according to Table 4.7-2. 
C.1.2. Limerick Cooling Water Augmentation 
The objective of the LGS cooling water augmentation policy verification is to show that 
Bradshaw Reservoir and Wadesville mine pool releases are functioning as designed 
(Section 4.7.1.4 and Table 4.7-2). 
A comparison of observed to simulated model streamflow results at Norristown is also 
presented to show overall performance of the simulated LGS policies and demand 
nodes compared to observed streamflow data.  Norristown is selected for the 
comparison between observed and simulated results because it is the first streamflow 
gauge and model node located downstream of both LGS intakes and augmentation 
sources. 
Releases from Bradshaw have two functions.  First, Bradshaw must maintain a 
streamflow of at least 10 CFS at node 473 Dublin.  Second, Bradshaw Reservoir must 
release the amount of water withdrawn through node 476 Limerick Perkiomen Demand 
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on the day that streamflow at node 475 Graterford is estimated to fall below 210 CFS.  
Table C.1-4 below includes model results and subroutine variable results for May 2002 
to demonstrate the subroutine is functioning as designed.  May 2002 is selected to 
demonstrate the subroutine because the month contains days where releases are made 
for both the minimum streamflow and cooling water supply augmentation. 
The first column in Table C.1-4 contains the inflow to node 473 Dublin from the inflow 
database.  In order for the 10 CFS minimum at Dublin to be maintained by Bradshaw 
Reservoir, the Dublin inflow must be less than 10 CFS then Bradshaw Reservoir will 
provide the difference.  The subroutine checks to see if the Dublin inflow is less than 10 
CFS, and then releases the difference (Column 2) so that simulated Dublin streamflow 
does not fall less below 10 CFS (Column 3).  Bradshaw Reservoir will release more than 
what is required to maintain the minimum streamflow if the subroutine estimate of 
Graterford streamflow on the day the release is to be made is less than 210 CFS 
(Graterford 4).  The estimate of Graterford contains the release amount required to 
maintain the minimum streamflow.  If the estimate indicates that Graterford will be less 
than 210 CFS, Bradshaw will make a cooling water augmentation release in the amount 
of what node 476 LGS Perkiomen Demand is on that day (Column 6).  Column 5 is the 
simulated node 475 Graterford streamflow, and is different than the Graterford estimate 
(Column 4) on days where the cooling water augmentation is made, because a fraction 
of the cooling water release arrives at node 475 Graterford on the day the release is 
made.   
The demonstration in Table C.1-4 verifies the subroutine, Limerick_Augmentation.ocl, 
governing releases from node 472 Bradshaw Reservoir is working as programmed. 
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Table C.1-4 Bradshaw Reservoir Release Verification 
Date 
Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 
Dublin 
Inflow, 
CFS 
Simulated 
Bradshaw 
Release, 
CFS 
Simulated 
Dublin**, 
CFS 
Graterford 
Trigger 
Estimate*, 
CFS 
Simulated 
Graterford, 
CFS 
LGS 
Perkiomen 
Demand, 
CFS 
5/1/02 3.2 6.8 10 454.7 454.7 17 
5/2/02 12.9 0 12.9 842.6 842.6 17 
5/3/02 5.6 4.4 10 1140.6 1140.6 17 
5/4/02 1.4 8.6 10 432.2 432.2 17 
5/5/02 1.5 8.5 10 304.7 304.7 17 
5/6/02 0.5 9.5 10 246.5 246.5 17 
5/7/02 0.5 9.5 10 214 214 17 
5/8/02 0.3 17 17.3 191.3 193.9 17 
5/9/02 3 7 10 261.4 261.4 17 
5/10/02 3 7 10 278.3 278.3 17 
5/11/02 6.5 17 23.5 188.9 193.8 17 
5/12/02 3.5 17 20.5 176.9 180.6 17 
5/13/02 94.1 0 94.1 2014.6 2014.6 17 
5/14/02 63.1 0 63.1 8315.4 8315.4 17 
5/15/02 14.5 0 14.5 1162.3 1162.3 17 
5/16/02 17 0 17 612.6 612.6 17 
5/17/02 2.7 7.3 10 428.8 428.8 17 
5/18/02 32 0 32 1927.2 1927.2 17 
5/19/02 5.7 4.3 10 1022.8 1022.8 17 
5/20/02 2.7 7.3 10 525.4 525.4 17 
5/21/02 1.7 8.3 10 383.4 383.4 17 
5/22/02 1.7 8.3 10 309.5 309.5 17 
5/23/02 1.7 8.3 10 263.6 263.6 17 
5/24/02 1.7 8.3 10 233.2 233.2 17 
5/25/02 1.4 17 18.4 206 209 17 
5/26/02 3 17 20 182.3 185.8 17 
5/27/02 3 17 20 175.8 179.4 17 
5/28/02 3 17 20 164.4 168 17 
5/29/02 1 17 18 154.9 157.8 17 
5/30/02 1 17 18 141.9 144.7 17 
5/31/02 1 17 18 131.3 134.2 17 
Verification of 
minimum 
streamflow 
  
Days in 
Column 3 
> 10 CFS 
   
Verification of 
augmentation 
trigger 
 
Day in 
Column 2 
equals 
Column 6 
 
If day in 
Column 4 
< 210 CFS 
  
*Estimates Graterford streamflow prior to model solve, contains Bradshaw release required to 
maintain Dublin 10 CFS minimum streamflow.  If estimate is <210 CFS, Bradshaw will release the 
LGS Perkiomen Demand 
** Column 3 = Column 1 + Column 2  
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The releases from node 458 Wadesville are governed by a subroutine that estimates 
what the streamflow will be at node 468 Pottstown prior to the model solution for 
Pottstown that same day.  If the estimated streamflow at Pottstown falls below 560 CFS, 
a release from Wadesville will be made that day.  The size of the release is equal to the 
amount of water withdrawn from node 470 LGS Schuylkill demand on that day. 
As discussed in Section 4.7.1.4 and presented below in Table C.1-5, an estimate of the 
Blue Marsh release (Column 5) is required to estimate Pottstown (Column 2).  The 
estimated Blue Marsh release is equivalent to the conservation release.  The simulated 
Blue Marsh release (Column 6) will exceed the estimated Blue Marsh release (Column 5) 
when the reservoir elevation is at the seasonal pool elevation.  When this occurs 
Pottstown streamflow is under-estimated, and depending upon the conditions may 
trigger a release from Wadesville when simulated Pottstown is above 560 CFS.  The 
implications of false releases on the simulated streamflow at Pottstown are discussed in 
the historical streamflow verification statistical analysis in Section C.1.3. 
August 2002 is presented in Table C.1-5 to verify the Pottstown streamflow estimate and 
that releases from Wadesville begin when the estimate is below 560 CFS and cease when 
the estimate is above 560 CFS.  August 2002 is selected because it is uncommon in the 
baseline model to identify conditions where the reservoir is only releasing the 
conservation release and Pottstown is above 560 CFS (August 25 and 29, 2002).  The 
subroutine makes releases from Wadesville equivalent to the size of the LGS Schuylkill 
Demand on the day of the release (Column 1 = Column 4). 
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The estimate of Pottstown streamflow should equal simulated Pottstown streamflow 
when the estimated Blue Marsh release is equivalent to the simulated Blue Marsh release 
(Column 5 = Column 6, and Column 1 = 0). 
The reason simulated Pottstown is slightly higher than estimated Pottstown when 
Wadesville is releasing, is because a fraction of the Wadesville release arrives at 
Pottstown on the same day the release is made.  This subroutine is designed to estimate 
Pottstown streamflow without a daily release from Wadesville to identify if a release 
should be made. 
The demonstration in Table C.1-5 below verifies the subroutine is working as 
programmed. 
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Table C.1-5 Wadesville Release Verification – Pottstown Estimate 
Date 
Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 
Simulated 
Wadesville 
Release, 
CFS 
Pottstown 
Trigger 
Estimate*, 
CFS 
Simulated 
Pottstown, 
CFS 
LGS 
Schuylkill 
Demand, 
CFS 
Estimated 
Blue Marsh 
Release, 
CFS 
Simulated 
Blue Marsh 
Release, 
CFS 
8/1/02 38.5 319.1 334.5 38.5 50 50 
8/2/02 38.5 305.7 321.1 38.5 50 50 
8/3/02 38.5 307 322.4 38.5 50 50 
8/4/02 38.5 464.8 480.2 38.5 50 50 
8/5/02 38.5 327.9 343.3 38.5 50 50 
8/6/02 38.5 342.5 357.9 38.5 50 50 
8/7/02 38.5 335.2 350.6 38.5 50 50 
8/8/02 38.5 317.7 333.1 38.5 50 50 
8/9/02 38.5 306.1 321.5 38.5 50 50 
8/10/02 38.5 299.2 314.6 38.5 50 50 
8/11/02 38.5 294.5 309.9 38.5 50 50 
8/12/02 38.5 295.9 311.3 38.5 50 50 
8/13/02 38.5 292.1 307.5 38.5 50 50 
8/14/02 38.5 266.5 281.9 38.5 50 50 
8/15/02 38.5 257 272.4 38.5 50 50 
8/16/02 38.5 277.4 292.8 38.5 50 50 
8/17/02 38.5 277.6 293.1 38.5 50 50 
8/18/02 38.5 296.4 311.9 38.5 50 50 
8/19/02 38.5 274.4 289.8 38.5 50 50 
8/20/02 38.5 378.6 394 38.5 50 50 
8/21/02 38.5 318 333.4 38.5 50 50 
8/22/02 38.5 291.1 306.5 38.5 50 50 
8/23/02 38.5 329.1 344.5 38.5 50 50 
8/24/02 38.5 396.2 411.6 38.5 50 50 
8/25/02 0 735.8 735.8 38.5 50 50 
8/26/02 38.5 378.3 393.7 38.5 50 50 
8/27/02 38.5 336.8 352.2 38.5 50 50 
8/28/02 38.5 318.7 334.1 38.5 50 50 
8/29/02 0 626.9 626.9 38.5 50 50 
8/30/02 38.5 471.7 495.1 38.5 50 62.2 
8/31/02 36.5 419.5 435.4 38.5 50 51.9 
Verification 
of Pottstown 
Estimate 
If day in 
Column 1 
equals zero 
Column 2 = 
Column 3   
And, if day 
in Column 
5 = Day in 
Column 6 
 
Verification 
of Release 
Start 
Column 1 = 
Column 4 If day <560     
Verification 
of Release 
End 
Column 1 
equals zero If day >560     
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A graphical comparison of the LGS cooling water augmentation in the baseline model to 
observed data is presented below in Figure C.1-3.  July 2002 is selected for this 
comparison because during that time period LGS cooling water augmentation releases 
were made from Bradshaw Reservoir.  In the model during this time period, water is 
being released from Wadesville and Bradshaw Reservoir, to match 2/3 and 1/3 of 
cooling water demand respectively.  Simulated and observed mainstem streamflow 
should not agree until a location downstream of both cooling water intakes, which is 
represented below as Norristown.  At Norristown, simulated and observed data should 
match when simulated Wadesville is releasing because the location is downstream of 
both LGS withdrawals and cooling water augmentation sources. 
All throughout July 2002, LGS used Bradshaw Reservoir to augment their cooling water 
supply and made withdrawals from their Perkiomen Creek intake.  At the beginning of 
the month in Figure C.1-3 below, simulated Norristown is less than observed 
Norristown because the majority of the water released by the model to augment the LGS 
cooling water supply comes from Wadesville, and simulated conditions at Pottstown 
had not yet fallen below 560 CFS.  During this time period LGS was augmenting their 
full cooling water demand from Bradshaw Reservoir creating the increase in observed 
Norristown over simulated.  The difference between observed and simulated 
streamflow at Norristown ends when Wadesville begins to release. 
Additionally, from 07-24-02 to 07-27-02 LGS was generating power from one unit, not 
the usual two, and therefore was withdrawing approximately half the typical amount of 
water.  In the model, water for two units is being withdrawn which is why the observed 
data is greater than the simulated results in this brief period. 
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Figure C.1-3 Limerick Generating Station Augmentation 
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C.1.3. Historical Streamflow Replication 
To verify the model is reproducing the historical streamflow record, a statistical 
comparison of model output to observed data is performed.  First, the channel storage 
reservoir is examined graphically for no upward or downward trends.  An upward or 
downward trend in the channel storage reservoir indicates the subroutine with the 
routing equations contains a typo that causes the two coefficients in each equation to not 
total to 1.  Coefficients that total less than one would create a downward trend in the 
volume of the channel storage reservoir, and coefficients that total more than one would 
create a gain in volume of the channel storage reservoir.  If the two routing coefficients 
do not total to 1, the equation fails to maintain mass balance and does not route water as 
designed (Section 4.4).  Presented below in Figure C.1-4 is the volume of the channel 
storage reservoir from the baseline simulation. 
 
 
 
 
Figure C.1-4 Channel Storage Reservoir Verification 
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The channel storage reservoir does not exhibit any increasing or decreasing trends, 
demonstrating that the routing equation subroutine maintains mass balance and the 
code is written without errors.  Given the equations are transcribed into the routing 
subroutine correctly, statistical comparison between simulated and observed results is 
used to verify that the baseline model is reproducing the historical streamflow record as 
designed. 
The baseline model streamflow results from three nodes are compared to observed 
historical streamflow data for a period of 15 years from 10-01-1996 to 09-30-2011.  Node 
463 Little Schuylkill is compared to USGS 01470500 Berne, node 468 Pottstown is 
compared to USGS 01472000 Pottstown, and node 487 Fairmount Dam is compared to 
USGS 01474500 Philadelphia.  The three nodes are selected to represent the Upper, 
Middle, and Lower sections of the Schuylkill River watershed, respectively.  Verification 
of model results to the historical streamflow record is defined as agreement within 15% 
of the observed 5th, 10th, 25th, and 50th streamflow percentiles at Berne, Pottstown, and 
Philadelphia within the 15 year verification period. 
It is important to note that the Limerick augmentation policies are turned on in the 
baseline model used to verify the replication of the historical streamflow record.  This 
verification objective does not test if the augmentation policies are working correctly as a 
subroutine, which is verified in Section C.1.4.  However, the verification of streamflow at 
Fairmount Dam shows the overall computer simulation of Limerick demand and 
augmentation policies, PWD demand, and the reservoir releases match the historical 
record within 15% of observed streamflow. 
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As presented below in Table C.1-6, the replication of the historical streamflow record is 
verified for the 5th – 50th streamflow percentiles in the Upper Schuylkill River watershed 
according to a comparison of node 463 model results and USGS Berne.  The observed 
data from 1996-2005 does not include releases from Wadesville because the policy had 
not yet begun, however the latter years of the verification period from 2006 to 2011 do 
include releases from Wadesville.  This increases streamflow at the 5th percentile and 
slightly increases streamflow at the 10th percentile in the model results for node 463 
Little Schuylkill, because releases from Wadesville are made throughout the full 
verification period. 
 
 
 
Table C.1-6 Node 463 Little Schuylkill Historical Streamflow Verification 
 Node 463 Little 
Schuylkill 
Results, CFS 
Observed 
USGS 
01470500 
Berne, CFS 
Results as a 
percentage of 
Observed, % 
Results +/- 15% 
of Observed? 
Yes or No 
5th Percentile 154 125 +23% No 
10th Percentile 179 161 +11% Yes 
25th Percentile 276 276 - Yes 
50th Percentile 506 511 -1% Yes 
 
 
 
The results at the 5Th percentile do not verify according to the statistical comparison of 
model results to observed streamflow at Berne, however this does not make them 
incorrect.  The model results receive an additional 34 CFS release from node 458 
Wadesville during periods of low flow for 10 of the 15 year statistical verification period.  
The observed 5th percentile streamflow at Berne plus 34 CFS equals 159 CFS, which is 
approximate to the 5th percentile simulated results of 154 CFS. 
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The decisions made by Limerick Generating Station regarding which water supply to 
use to augment the Schuylkill River, Wadesville or Bradshaw Reservoir, are simplified 
in this model and verified in C.1.2.  The impacts of the simulated Wadesville releases on 
the 5th percentile streamflow at Pottstown and areas downstream are negligible given 
the drainage area to the Schuylkill River at Pottstown is 3.2 times larger than the 
drainage to Berne (1147 and 355 square miles respectively). 
Pottstown, located on the mainstem of the Schuylkill River is downstream of the 
confluence with the Tulpehocken Creek, which receives Blue Marsh Reservoir releases.  
Pottstown streamflow is influenced by the releases from Blue Marsh Reservoir, similarly 
node 468 Pottstown is influenced by node 455 Blue Marsh.  There are small differences 
between the model reservoir releases and observed reservoir releases as described in 
Section C.1.1.  The differences are caused by the ability of the model to make exact sized 
releases, and the more approximate releases made by reservoir operators.  For example 
when the seasonal reservoir pool falls due to reduced inflows, under current policies 
and the baseline operating rules, the reservoir should make a 50 CFS conservation 
release.  In such a situation the model reservoir will release exactly 50 CFS, whereas dam 
operators may not have the ability to be as exact.  A similar situation arises when 
calculating how much reservoir inflow to keep in storage to maintain the seasonal 
elevation pool and how much to release as excess.  The model will calculate exactly how 
much inflow should be released to maintain the seasonal elevation pool, and dam 
operators must make close approximations.  In addition to the previously mentioned 
Wadesville policy differences within the observed verification period of record, such 
small differences in reservoir releases will lead to a slight difference between observed 
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and simulated streamflow at Pottstown.  Given the slight variations in Limerick 
augmentation and dam releases, the model replicates the historical streamflow record in 
the middle Schuylkill River as presented below in Table C.1-7. 
 
 
 
Table C.1-7 Node 468 Pottstown Historical Streamflow Verification 
 
Node 468 
Pottstown 
Results, CFS 
Observed 
USGS 
01472000 
Pottstown, 
CFS 
Results as a 
percentage of 
Observed, % 
Results +/- 15% 
of Observed? 
Yes or No 
5th Percentile 453 438 +3.4% Yes 
10th Percentile 552 539 +2.4% Yes 
25th Percentile 848 851 -0.4% Yes 
50th Percentile 1508 1525 -1.2% Yes 
 
 
 
The historical streamflow record is also verified at the most downstream node in the 
model, node 487 Fairmount Dam, presented below in Table C.1-8.  Fairmount Dam is 
influenced by Blue Marsh reservoir releases, Limerick augmentation releases and 
cooling water withdrawals, and Philadelphia drinking water withdrawals. 
 
 
 
Table C.1-8 Node 487 Fairmount Historical Streamflow Verification 
 
Node 487 
Fairmount 
Results, CFS 
Observed 
USGS 
01474500 
Philadelphia, 
CFS 
Results as a 
percentage of 
Observed, % 
Results +/- 15% 
of Observed? 
Yes or No 
5th Percentile 514 515 -0.2% Yes 
10th Percentile 692 697 -0.8% Yes 
25th Percentile 1178 1190 -1.1% Yes 
50th Percentile 2251 2273 -1% Yes 
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The deviation between simulated and observed streamflow percentiles at Fairmount 
Dam is extremely small, <1.1% of observed.  Such close agreement between simulated 
results and observed data at this location is a critical model performance indicator given 
it is influenced by every upstream node, routing equation, endogenous variable 
removal, and subroutine in the baseline model. 
C.1.4. Flow Target 
In order to implement a flow target at Norristown in the Schuylkill River OASIS model, 
a subroutine is used to estimate if a reservoir release is needed to maintain the target 
and another subroutine is used to calculate the size of the release.  Model weights are 
then used to identify the range of reservoir storage elevations that provide the water 
used to make the flow target release, water that is in addition to the reservoir 
conservation release.  The baseline model is not used for verification of the flow target, 
because the baseline policies do not include a flow target at Norristown. 
The subroutine is explained using August 1957 results from the model run with no 
hedging, a high flow target, and a low conservation release, Table C.1-9.  August 1957 is 
selected to demonstrate flow target operations because the watershed wide drought 
conditions during this month require flow target releases at Norristown, and the 
reservoir releases coupled with low Blue Marsh inflow lead to rapid storage depletion.  
In addition to the explanation and verification of the flow target subroutines in the no 
hedging (NoH) policy series, the model weights that implement the hedging two zones 
(H2) and hedging one zone (H) policy series are demonstrated and verified.  The same 
subroutines that estimate if a flow target is needed and what the size of the flow target 
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release should be are used for all three policy series; no hedging (NoH), hedging two 
zones (H2), and hedging one zone (H). 
The flow target subroutine estimates if a reservoir release is needed to meet the flow 
target on the day of the model solve by replicating the deterministic components of the 
model upstream of Norristown, including all nodes, inflow, and routing.  The 
subroutine replicates the deterministic components twice in order to incorporate 
Wadesville and Bradshaw releases prior to estimating if streamflow at Norristown will 
fall below the flow target and trigger a reservoir release.  The subroutine then iterates a 
third time, and includes an estimated release from Blue Marsh reservoir, Table C.1-9 
Column 4.  The estimated Norristown streamflow with a flow target release (Column 4) 
is then used in a fourth iteration to estimate Norristown streamflow tomorrow (Column 
5).  The subroutine estimates Norristown streamflow tomorrow, because a portion of 
any reservoir release made today will remain in the channel and arrive at Norristown 
tomorrow, and such flow must be accounted for because it is not in the inflow database.  
It is this estimate of Norristown streamflow that is used to trigger the flow target release.  
However, because this number is representative of Norristown tomorrow and the model 
needs to know if should make a release today, the subroutine will look at this number 
the day before to determine if streamflow falls below the flow target and requires a 
release (Column 5, day before).  This same subroutine is used in the hedging two zones 
(H2) and hedging one zone (H) policy series.  The subroutine cannot anticipate the next 
day conservation release change triggered by a decline in reservoir elevation below 283 
Ft.  On the day the conservation release declines, for example from 50 CFS to 30 CFS on 
Aug. 5 1957 in Table C.1-9 below, the size of the flow target release is 20 CFS too small. 
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Table C.1-9 High Flow Target, 485 CFS, Subroutine Trigger and Release Size Verification 
Date 
Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 
Model Results Subroutine Calculations 
Norristown, 
CFS 
Blue 
Marsh 
Elevation, 
Ft 
Blue 
Marsh 
Release, 
CFS 
Estimated 
Norristown 
Today, 
w/Target 
Release 
Estimated 
Norristown 
Tomorrow, 
w/out Target 
Release 
Release, in 
Addition to 
Cons. 
Release, 
CFS 
7/31/57 708 284.6 50 708 464 0 
8/1/57 485 284.4 120 485 372 70 
8/2/57 485 283.5 433 485 515 383 
8/3/57 515 283.5 50 515 412 0 
8/4/57 485 282.9 298 485 450 248 
8/5/57 479 282.6 148 479 400 118 
8/6/57 485 282 320 485 464 290 
8/7/57 485 281.9 103 485 389 73 
8/8/57 485 281.2 357 485 442 327 
8/9/57 485 280.9 176 485 456 146 
8/10/57 485 280.7 129 485 420 99 
8/11/57 485 280.2 251 485 433 221 
8/12/57 485 279.7 206 485 409 176 
8/13/57 485 279 290 485 435 260 
8/14/57 485 278.6 201 485 411 171 
8/15/57 485 277.9 282 485 446 252 
8/16/57 485 277.5 164 485 405 134 
8/17/57 485 276.7 304 485 459 274 
8/18/57 485 276.5 119 485 361 89 
8/19/57 485 275.3 452 485 488 422 
8/20/57 488 275.3 30 488 361 0 
8/21/57 485 273.9 452 485 462 422 
8/22/57 485 273.6 110 485 386 80 
8/23/57 485 272.4 366 485 455 336 
8/24/57 485 272.1 132 485 409 102 
8/25/57 485 271.2 289 485 931 259 
8/26/57 931 271.2 30 931 881 0 
8/27/57 881 271.2 30 881 494 0 
8/28/57 494 271.2 30 494 364 0 
8/29/57 485 269.8 441 485 499 411 
8/30/57 499 269.9 30 499 389 0 
8/31/57 485 268.5 358 485 462 328 
Flow 
target 
release 
made 
= 485  
= Cons. 
Release* + 
Column 6 
 
If Column 5 
day before < 
485 
=(485-
Column 5 
day before) 
* 3.4002 
Flow 
target 
release not 
made 
  = Cons. Release*  
If Column 5 
day before > 
485 
= 0 
*Conservation release = 50 CFS when reservoir elevation >283 Ft, and 30 CFS <283 Ft 
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The size of the reservoir release needed to meet the flow target is dictated by the channel 
routing from node to node, and the deficit between the flow target and the estimated 
streamflow on the day the release is to be made (Column 5, day before).  The channel 
routing is linear and the routing coefficients are static, which means that if a percentage 
of a reservoir release reaches Norristown today under high flow conditions, that same 
percentage will reach Norristown today under low flow conditions or a different size 
release.  In this linear relationship the independent variable equals the flow target, the 
intercept is the conservation release, the dependent variable is the difference between 
the flow target and the estimated streamflow at Norristown, and the slope is calculated 
empirically: 
yt = mxt + bt 
y = Norristown streamflow at flow target 
t = day of model solve, same day flow target release is made 
b = Blue Marsh conservation release 
x = (flow target – estimated Norristown streamflow on day of release) 
m = slope of equation, solved for empirically 
The slope is calculated empirically by replicating the deterministic portion of the model 
in a spreadsheet, calculating the difference between the flow target and the streamflow 
at Norristown, and then adding that deficit times a multiplier to the release from Blue 
Marsh until the flow target is achieved.  Using this empirical method, the slope, or 
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multiplier is 3.4002.  This relationship is based on the routing applied to the model, and 
is valid when using the high (485 CFS) or low (385 CFS) flow target. 
In Table C.1-9, Column 6 is equal to 3.4002 * (485 – Column 5 day before).  Column 6 is 
the amount of water required to meet the flow target in addition to the conservation 
release. 
Column 1 in Table C.1-9 equals simulated Norristown streamflow in a high flow target 
policy.  The example presented in Table C.1-9, verifies the subroutine that governs when 
and how much water to release from Blue Marsh Reservoir to support the Norristown 
flow target.  The same month, August 1957, will be used to verify that the three hedging 
policies are allowing and stopping flow target releases as designed. 
The hedging policies explored in the Schuylkill River OASIS model use three different 
ranges of reservoir elevations to provide water for flow target releases.  When the 
reservoir elevation falls below the range specified by a particular hedging policy, 
releases to support the flow target cease, and the reservoir will only make the 
conservation release.  This is accomplished by manipulating the weights of the reservoir 
storage pools and flow target.  The weight of the flow target has to be higher than the 
weight of the lowest elevation reservoir pool that will be contributing to the flow target.  
The weights for the flow target and three reservoir pools that change among hedging 
conditions are presented below in Table C.1-10. 
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Table C.1-10 Model Weights that Define Reservoir Hedging Policies 
Shading Identifies Pools Contributing Water 
for Flow Target Releases per Policy Series 
Variable Weights Per Policy Series 
Baseline NoH H2 H 
Flow Target N/A 7500 5500 3000 
Recreation Pool, 2290 MG 
(290-282.971 Ft) 1000 1000 2000 2000 
Water Quality Selection Pool, 2790 MG 
(282.970-270.905 Ft) 2000 2000 5000 5000 
Emergency Pool, 1400 MG 
(270.904-261 Ft) 6000 6000 6000 6000 
 
 
 
The reservoir zones are programmed into the model as storage volumes, listed next to 
the name of the reservoir pool in Table C.1-10 above.  The model ceases to make flow 
target releases when the storage in each reservoir pool is depleted.  The model will make 
partial flow target releases if the amount of water remaining in the reservoir pool 
designated to support the flow target is not large enough to support a full size flow 
target release, Table C.1-12 and Table C.1-13. 
No Hedging (NoH) Policy Series 
In the no hedging policy series (NoH), the full amount of water in Blue Marsh reservoir 
may be used to support flow target releases when triggered.  Table C.1-11 below 
presents an example from August 1957.  The last row of the table is used to explain how 
the releases are triggered and in what amount to verify the subroutine and weights are 
executing the policy series as designed. 
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Table C.1-11 Model Weight Verification 1 of 3 – No Hedging (NoH) Policy Series Example 
Date 
Column 1 Column 2 Column 3 Column 4 Column 5 
No Hedging, High Flow Target, Low 
Conservation Release Policy: 
Model Results 
Subroutine 
Calculation 
Verification 
Calculation 
Norristown, 
CFS 
Blue Marsh 
Elevation, 
Ft 
Blue Marsh 
Release, 
CFS 
Release, in 
Addition to 
Conservation 
Release, CFS 
Column 4 + 
Conservation 
Release, CFS 
7/31/57 708 284.57 50 0 50 
8/1/57 485 284.40 120 70 120 
8/2/57 485 283.51 433 383 433 
8/3/57 515 283.48 50 0 50 
8/4/57 485 282.88 298 248 298 
8/5/57 479 282.64 148 118 148 
8/6/57 485 282.02 320 290 320 
8/7/57 485 281.88 103 73 103 
8/8/57 485 281.17 357 327 357 
8/9/57 485 280.87 176 146 176 
8/10/57 485 280.66 129 99 129 
8/11/57 485 280.18 251 221 251 
8/12/57 485 279.73 206 176 206 
8/13/57 485 279.02 290 260 290 
8/14/57 485 278.55 201 171 201 
8/15/57 485 277.85 282 252 282 
8/16/57 485 277.49 164 134 164 
8/17/57 485 276.73 304 274 304 
8/18/57 485 276.47 119 89 119 
8/19/57 485 275.30 452 422 452 
8/20/57 488 275.29 30 0 30 
8/21/57 485 273.90 452 422 452 
8/22/57 485 273.61 110 80 110 
8/23/57 485 272.44 366 336 366 
8/24/57 485 272.08 132 102 132 
8/25/57 485 271.18 289 259 289 
8/26/57 931 271.17 30 0 30 
8/27/57 881 271.18 30 0 30 
8/28/57 494 271.25 30 0 30 
8/29/57 485 270.90 441 411 441 
8/30/57 499 270.93 30 0 30 
8/31/57 485 270.90 358 328 358 
Flow target 
releases have no 
elevation cut off 
in this policy 
series 
  Column 3 = Column 5 If > 0 
Column 5 = 
Column 1 
*Conservation release = 50 CFS when reservoir elevation >283 Ft, and 30 CFS <283 Ft 
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Hedging Two Zones (H2) Policy Series 
In the hedging two zones (H2) policy series the recreation pool and water quality 
selection pool are used to support flow target releases.  When the reservoir elevation 
declines below the water quality selection pool and into the emergency pool, flow target 
releases cease.  In Table C.1-12 below, days in August and September 1957 are presented 
as an example of flow target operations in the H2 policy series.  This example contains 
full size flow target releases, partial size flow target releases, and the cessation of flow 
target releases due to reservoir storage depletion into the emergency pool.  It is 
important to note that even if reservoir storage the day before is below 1400 MG, the 
inflow and streamflow entering the reservoir may raise the storage above 1400 MG, but 
not high enough to provide for a full flow target release.  When this happens and a flow 
target is triggered, a partial release will be made that reduces storage to 1400 MG.  The 
last rows of the table are used to explain how the releases are triggered, if a full or 
partial release will be made, and how the releases are stopped to verify the subroutine 
and weights are executing the policy series as designed. 
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Table C.1-12 Model Weight Verification 2 of 3 –Hedging 2 Zones (H2) Policy Series Example 
 Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7 Column 8 Column 9 
Date 
Hedging 2 Zones (H2), High Flow Target, Low Conservation 
Release Policy: Model Results 
Model 
Input 
Subroutine 
Calculation Verification Calculation 
Norristown, 
CFS 
Blue Marsh 
Storage, MG 
Blue 
Marsh 
Elevation, 
Ft 
Blue 
Marsh 
Release, 
CFS 
Berneville 
to Blue 
Marsh, 
CFS 
Blue 
Marsh 
Inflow, 
CFS 
Release, in 
Addition to 
Cons. Rel., 
CFS 
Column 7 
+ Cons. 
Rel., CFS 
Release that 
will reduce 
storage to 
1400 MG** 
8/24/57 485 1621.2 272.081 132 16.69 12.0 102.2 132.2 474 
8/25/57 485 1452.6 271.184 289 17.00 11.0 258.9 288.9 370 
8/26/57 931 1450.2 271.171 30 16.31 10.0 0 30 108 
8/27/57 881 1452.6 271.184 30 18.75 15.0 0 30 111 
8/28/57 494 1464.8 271.249 30 24.81 24.0 0 30 130 
8/29/57 396 1400.0 270.904 137 22.87 14.0 411.2 441.2 137 
8/30/57 364 1404.5 270.928 30 21.00 16.0 0 30 37 
8/31/57 326 1400.0 270.904 41 20.31 14.0 553.2 583.2 41 
9/1/1957 309 1399.3 270.901 30 17.93 11.0 0 30 29 
9/2/1957 299 1400.0 270.904 33 19.06 15.0 634.8 664.8 33 
9/3/1957 270 1403.2 270.921 30 20.00 15.0 0 30 35 
9/4/1957 262 1400.0 270.904 43 21.37 17.0 771.9 801.9 43 
9/5/1957 265 1403.0 270.920 30 20.62 14.0 0 30 35 
Full size flow 
target releases 
are made 
 And if day before > 1400  
= Column 
8   If > 0 
= Column 
7 + Cons. 
Release 
And if > 
Column 7 
Partial flow 
target releases 
are made 
 And if day before > 1400  
= Column 
9   If > 0  
And if < 
Column 7 
 If day before < 1400  
= Column 
9   If > 0  
And if < 
Column 7 
Flow target 
releases cease 
at 1400 MG 
 If day before < 1400  
= Cons. 
Release   If = 0   
*Conservation release = 50 CFS when reservoir elevation >283 Ft, and 30 CFS <283 Ft 
** Column 9 = Column 5 + Column 6 + ((Column 2 day before – 1400) * 1.547) 
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Hedging One Zone (H) Policy Series 
In the hedging one zone (H) policy series only the recreation pool is used to support flow 
target releases.  When the reservoir elevation declines below the recreation pool, flow 
target releases cease.  In Table C.1-13 below, days in August 1957 are presented as an 
example of flow target operations in the H policy series.  This example contains full size 
flow target releases, partial size flow target releases, and the cessation of flow target 
releases due to reservoir storage depletion into the water quality selection pool.  The last 
rows of the table are used to explain how the releases are triggered, if a full or partial 
release will be made, and how the releases are stopped to verify the subroutine and 
weights are executing the policy series as designed. 
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Table C.1-13 Model Weight Verification 3 of 3 –Hedging 1 Zone (H) Policy Series Example 
 Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7 Column 8 Column 9 
Date 
Hedging 2 Zones (H2), High Flow Target, Low Conservation 
Release Policy: Model Results 
Model 
Input 
Subroutine 
Calculation Verification Calculation 
Norristown, 
CFS 
Blue Marsh 
Storage, MG 
Blue 
Marsh 
Elevation, 
Ft 
Blue 
Marsh 
Release, 
CFS 
Berneville 
to Blue 
Marsh, CFS 
Blue 
Marsh 
Inflow, 
CFS 
Release, in 
Addition 
to Cons. 
Rel., CFS 
Column 7 
+ Cons. 
Rel., CFS 
Release that 
will reduce 
storage to 
4190 MG** 
8/2/1957 485 4344 283.509 433 23.62 17.0 383.2 433.2 671 
8/3/1957 515 4335 283.479 50 21.62 15.0 0 50 274 
8/4/1957 473 4190 282.972 259 20.31 14.0 247.5 277.5 259 
8/5/1957 430 4190 282.972 39 21.37 18.0 118 148 39 
8/6/1957 348 4190 282.972 48 24.75 23.0 318.8 348.8 48 
8/7/1957 320 4190 282.972 41 23.93 17.0 114.8 144.8 41 
8/8/1957 301 4190 282.972 43 23.68 19.0 480.1 510.1 43 
8/9/1957 277 4198 283.001 30 24.00 19.0 0 30 43 
8/10/1957 325 4189 282.968 50 21.24 14.0 563.8 593.8 48 
8/11/1957 340 4193 282.983 30 20.68 16.0 0 30 35 
8/12/1957 312 4190 282.972 34 18.25 11.0 592.5 622.5 34 
8/13/1957 280 4193 282.981 30 19.06 15.0 0 30 34 
8/14/1957 274 4190 282.972 35 18.62 12.0 723 753 35 
8/15/1957 273 4190 282.970 30 17.31 12.0 0 30 29 
Full size flow 
target releases 
are made 
 And if day before > 4190  
= Column 
8   If > 0 
= Column 
7 + Cons. 
Release 
And if > 
Column 7 
Partial flow 
target releases 
are made 
 And if day before > 4190  
= Column 
9   If > 0  
And if < 
Column 7 
 If day before < 4190  
= Column 
9   If > 0  
And if < 
Column 7 
Flow target 
releases cease 
at 4190 MG 
 If day before < 4190  
= Cons. 
Release   If = 0   
*Conservation release = 50 CFS when reservoir elevation >283 Ft, and 30 CFS <283 Ft 
** Column 9 = Column 5 + Column 6 + ((Column 2 day before – 4190) * 1.547) 
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To summarize how the flow target policies are executed by the model, subroutines 
estimate if a flow target release is needed and the release size, then model weights are 
used to assign reservoir pools to provide water for the flow target releases.  The 
subroutines that identify the flow target trigger and flow target release size are verified 
in Table C.1-9, Table C.1-11, Table C.1-12, and Table C.1-13.  The model weights that 
specify which reservoir pools contribute water for flow target releases in the no hedging 
(NoH), hedging two zones (H2), hedging one zone (H) policy series are verified in Table 
C.1-11, Table C.1-12, and Table C.1-13. 
C.1.5. Drought Water Use Restrictions 
Two drought water use restriction policies are simulated in the Schuylkill River OASIS 
model and described in detail in Section 4.6.  The Scenario 1 drought demand restriction 
policy is designed to simulate consumptive use reduction, such as lawn watering, by 
reducing residential water use by 15% and wastewater discharge by 5%.  The Scenario 2 
drought demand restriction policy is designed to simulate non-consumptive use 
reduction, such as shorter showers, by reducing residential water use by 15% and 
wastewater discharge by 15%.  The differences between Scenarios 1 and 2 consumptive 
use and estimated existing consumptive use are calculated for each model reach.  The 
estimated existing reach consumptive use, Scenario 1, and Scenario 2 consumptive use 
differences depend upon whether the reach contains drinking water withdrawals, 
wastewater treatment plant discharges, or both. 
The water use restrictions, Scenario 1 or 2, are activated when the 30-day average 
streamflow at each county drought trigger node falls below the 5th percentile streamflow 
of the trigger node.  Each reach downstream node responds to one of four county 
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drought trigger nodes, Table 4.6-2.  When the 30-day average streamflow falls below the 
drought trigger, the consumptive use difference is applied to each node as a diversion to 
or release from a theoretical reservoir, node 905.  Presented in detail in 4.6-10 and 
summarized below in Table C.1-14 below, when a consumptive use difference is 
negative (-) water is released in to the end point node from node 905, and conversely 
when a consumptive use difference is positive (+) water is diverted from the reach end 
point node into node 905. 
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Table C.1-14 County Drought Consumptive Use Differences 
County 
Drought 
Indicator 
Node 
Drought 
Trigger 
Streamflow* 
Estimated 
Existing 
Consumptive 
Use, CFS** 
Consumptive Use Difference, CFS 
Scenario 1 
Reductions: 
15% Residential 
5% Wastewater 
Scenario 2 
Reductions: 
15% Residential 
15% Wastewater 
Berks 454 Berneville 31 CFS -16.7 -4.3 0.4 
Schuylkill 460 Landingville 61 CFS -3.4 -1.8 0.1 
Montgomery 475 Graterford 90 CFS -36.7 -11.3 -2.3 
Philadelphia 482 Norristown 587 CFS -265.3 -23.0 -20.4 
Total Schuylkill -322.2 -40.3 -22.2 
*30-Day Average, 5th Percentile Streamflow 
**Consumptive use is the difference between municipal discharges and water withdrawals 
 
 
 
In order to verify the subroutines applying Scenario 1 and 2 drought water use 
restrictions are functioning as designed, baseline model results for each Scenario 
according to county are presented for 31 days in the following eight tables; four tables 
detailing Scenario 1 verification and four tables detailing Scenario 2 verification.  Each 
table presents subroutine results calculating the county drought trigger, which requires 
30 days, and streamflow results for all arcs connected to node 905 that respond to the 
county trigger.  The total streamflow of all arcs connected to node 905 that respond to 
the county trigger must total the values in Table C.1-14. 
Water from a three digit node number, ex. 468, to node 905 which is a positive (+) 
consumptive use difference is referenced by the arc number 468.905 in the following 
verification tables.  Conversely water moving in the other direction, from node 905 into a 
reach end point node is a negative consumptive use difference and is labeled 905.468. 
Both Scenario 1 and Scenario 2 are verified in the following eight tables. 
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Table C.1-15 Berks County Drought Restriction Scenario 1 Baseline Model Verification 
Date 
Model Results, CFS Subroutine Calculation 
454 905.454 905.457 905.464 905.465 905.466 905.467 905.468 456.905 30-Day Average of 454, CFS 
7/6/57 35.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 49.66 
7/7/57 34.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 48.89 
7/8/57 34.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 48.19 
7/9/57 42.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 47.46 
7/10/57 40.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 46.76 
7/11/57 37.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 46.09 
7/12/57 39.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 45.53 
7/13/57 33.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 44.89 
7/14/57 34.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 43.99 
7/15/57 36.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 43.33 
7/16/57 37.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 42.83 
7/17/57 36.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 42.43 
7/18/57 33.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 41.99 
7/19/57 30.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 41.53 
7/20/57 29.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 41.03 
7/21/57 26.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 40.53 
7/22/57 23.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 39.99 
7/23/57 23.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 39.49 
7/24/57 30.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 38.86 
7/25/57 32.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 37.73 
7/26/57 29.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 37.03 
7/27/57 31.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 35.93 
7/28/57 26.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 35.26 
7/29/57 31.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 34.56 
7/30/57 30.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 34.09 
7/31/57 27.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 33.66 
8/1/57 25.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 33.06 
8/2/57 23.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 32.53 
8/3/57 21.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 31.96 
8/4/57 20.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 31.43 
8/5/57 22.2 0.17 0.74 2.03 0.68 0.02 0.20 0.47 0.02 30.86 
Trigger Verification          
 = Node 454 average of prior 30 days 
 = 0.17 = 0.74 = 2.03 = 0.68 = 0.02 = 0.20 = 0.47 = 0.02 If < 31 CFS 
Restriction Verification,  
Total = -4.3 CFS 
 = ( - 0.17 - 0.74 - 2.03 - 0.68 - 0.02 - 0.20 - 0.47) + 0.02  
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Table C.1-16 Schuylkill County Drought Restriction Scenario 1 Baseline Model Verification 
Date 
Model Results Subroutine Calculation 
460 905.459 905.460 905.461 905.462 905.463 30-Day Average of 460 
9/16/72 91.4 0.00 0.00 0.00 0.00 0.00 108.66 
9/17/72 91.6 0.00 0.00 0.00 0.00 0.00 109.35 
9/18/72 94.4 0.00 0.00 0.00 0.00 0.00 109.42 
9/19/72 69.7 0.00 0.00 0.00 0.00 0.00 109.70 
9/20/72 58.3 0.00 0.00 0.00 0.00 0.00 109.42 
9/21/72 58.0 0.00 0.00 0.00 0.00 0.00 109.02 
9/22/72 55.1 0.00 0.00 0.00 0.00 0.00 108.59 
9/23/72 86.6 0.00 0.00 0.00 0.00 0.00 108.35 
9/24/72 91.4 0.00 0.00 0.00 0.00 0.00 109.13 
9/25/72 94.4 0.00 0.00 0.00 0.00 0.00 109.56 
9/26/72 58.1 0.00 0.00 0.00 0.00 0.00 109.50 
9/27/72 55.0 0.00 0.00 0.00 0.00 0.00 106.94 
9/28/72 53.1 0.00 0.00 0.00 0.00 0.00 103.37 
9/29/72 50.1 0.00 0.00 0.00 0.00 0.00 100.93 
9/30/72 58.7 0.00 0.00 0.00 0.00 0.00 99.18 
10/1/72 53.2 0.00 0.00 0.00 0.00 0.00 98.19 
10/2/72 50.1 0.00 0.00 0.00 0.00 0.00 96.14 
10/3/72 52.9 0.00 0.00 0.00 0.00 0.00 93.89 
10/4/72 49.1 0.00 0.00 0.00 0.00 0.00 92.95 
10/5/72 47.1 0.00 0.00 0.00 0.00 0.00 90.87 
10/6/72 50.9 0.00 0.00 0.00 0.00 0.00 88.88 
10/7/72 81.0 0.00 0.00 0.00 0.00 0.00 87.13 
10/8/72 58.7 0.00 0.00 0.00 0.00 0.00 86.15 
10/9/72 50.2 0.00 0.00 0.00 0.00 0.00 83.33 
10/10/72 49.0 0.00 0.00 0.00 0.00 0.00 81.33 
10/11/72 45.2 0.00 0.00 0.00 0.00 0.00 80.63 
10/12/72 42.1 0.00 0.00 0.00 0.00 0.00 77.46 
10/13/72 30.4 0.00 0.00 0.00 0.00 0.00 68.53 
10/14/72 34.8 0.00 0.00 0.00 0.00 0.00 64.03 
10/15/72 35.0 0.00 0.00 0.00 0.00 0.00 61.54 
10/16/72 40.0 0.73 0.51 0.01 0.39 0.13 59.85 
Trigger 
Verification 
      = Node 460 average of prior 30 days 
 = 0.73 = 0.51 = 0.01 = 0.39 = 0.13 If < 61 CFS 
Restriction Verification, 
Total = -1.8 CFS 
= (-0.73 – 0.51 – 0.01 – 0.39 – 0.13)  
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Table C.1-17 Montgomery County Drought Restriction Scenario 1 Baseline Model Verification 
Date 
Model Results Subroutine Calculation 
475 905.471 905.474 905.475 905.479 905.480 905.481 905.482 469.905 483.905 477.905 478.905 30-Day Average of 475 
5/28/57 237 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 177.9 
5/29/57 113 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 176.2 
5/30/57 94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 169.5 
5/31/57 86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 150.0 
6/1/57 82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 142.2 
6/2/57 78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 136.6 
6/3/57 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 131.9 
6/4/57 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 127.9 
6/5/57 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 123.9 
6/6/57 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 120.1 
6/7/57 78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 116.5 
6/8/57 76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 113.2 
6/9/57 74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 110.0 
6/10/57 74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 107.1 
6/11/57 72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 104.5 
6/12/57 70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 102.4 
6/13/57 71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 101.4 
6/14/57 75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.4 
6/15/57 73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.8 
6/16/57 66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 98.1 
6/17/57 65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 96.4 
6/18/57 64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 95.0 
6/19/57 63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 93.7 
6/20/57 249 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 92.3 
6/21/57 110 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 96.3 
6/22/57 87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 95.2 
6/23/57 82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 93.9 
6/24/57 81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 92.7 
6/25/57 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 91.6 
6/26/57 79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 90.8 
6/27/57 79 0.34 0.09 0.02 0.10 0.01 8.59 3.23 0.56 0.13 0.21 0.18 89.9 
Trigger 
Verification 
 
        
   = Node 475 average of 
prior 30 days 
 = 0.34 = 0.09 = 0.02 = 0.10 = 0.01 = 8.59 = 3.23 = 0.56 = 0.13 = 0.21 = 0.18 If < 90 CFS 
Restriction Verification, 
Total = -11.3 CFS 
= ( - 0.34 - 0.09 - 0.02 - 0.1 - 0.1 - 8.59 - 3.23) + (0.56 + 0.13 + 0.21 + 0.18) 
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Table C.1-18 Philadelphia County Drought Restriction Scenario 1 Baseline Model Verification 
Date 
Model Results Subroutine Calculation 
482 905.487 905.484 485.905 30-Day Average of 482, CFS 
6/17/57 1069 0.0 0.00 0.0 1090.4 
6/18/57 700 0.0 0.00 0.0 1085.6 
6/19/57 686 0.0 0.00 0.0 1070.9 
6/20/57 628 0.0 0.00 0.0 1045.7 
6/21/57 527 0.0 0.00 0.0 1014.5 
6/22/57 471 0.0 0.00 0.0 975.7 
6/23/57 483 0.0 0.00 0.0 945.6 
6/24/57 504 0.0 0.00 0.0 918.5 
6/25/57 563 0.0 0.00 0.0 894.7 
6/26/57 799 0.0 0.00 0.0 875.3 
6/27/57 879 0.0 0.00 0.0 855.4 
6/28/57 671 0.0 0.00 0.0 826.9 
6/29/57 645 0.0 0.00 0.0 813.1 
6/30/57 643 0.0 0.00 0.0 803.0 
7/1/57 639 0.0 0.00 0.0 793.9 
7/2/57 597 0.0 0.00 0.0 785.1 
7/3/57 555 0.0 0.00 0.0 773.8 
7/4/57 485 0.0 0.00 0.0 762.3 
7/5/57 507 0.0 0.00 0.0 750.0 
7/6/57 406 0.0 0.00 0.0 739.5 
7/7/57 424 0.0 0.00 0.0 726.6 
7/8/57 387 0.0 0.00 0.0 714.2 
7/9/57 447 0.0 0.00 0.0 701.5 
7/10/57 521 0.0 0.00 0.0 685.8 
7/11/57 508 0.0 0.00 0.0 674.8 
7/12/57 435 0.0 0.00 0.0 665.6 
7/13/57 395 0.0 0.00 0.0 654.3 
7/14/57 424 0.0 0.00 0.0 637.3 
7/15/57 437 0.0 0.00 0.0 620.1 
7/16/57 407 0.0 0.00 0.0 599.7 
7/17/57 396 23.5 0.81 1.3 561.5 
Trigger Verification 
    = Average of prior 30 days Node 482 
 = 23.5 = 0.81 = 1.3 If < 587 CFS 
Restriction Verification, 
Total = -23 CFS  = ( -23.5 – 0.81) + 1.3  
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Table C.1-19 Berks County Drought Restriction Scenario 2 Baseline Model Verification 
Date 
Model Results, CFS Subroutine Calculation 
454 905.457 905.464 905.465 905.466 905.467 454.905 456.905 468.905 30-Day Average of 454, CFS 
7/6/57 35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 49.66 
7/7/57 34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 48.89 
7/8/57 34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 48.19 
7/9/57 42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 47.46 
7/10/57 40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 46.76 
7/11/57 37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 46.09 
7/12/57 39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 45.53 
7/13/57 33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 44.89 
7/14/57 34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 43.99 
7/15/57 36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 43.33 
7/16/57 37 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 42.83 
7/17/57 36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 42.43 
7/18/57 33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 41.99 
7/19/57 30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 41.53 
7/20/57 29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 41.03 
7/21/57 26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 40.53 
7/22/57 23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 39.99 
7/23/57 23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 39.49 
7/24/57 30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 38.86 
7/25/57 32 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 37.73 
7/26/57 29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 37.03 
7/27/57 31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 35.93 
7/28/57 26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 35.26 
7/29/57 31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 34.56 
7/30/57 30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 34.09 
7/31/57 27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 33.66 
8/1/57 25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 33.06 
8/2/57 23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 32.53 
8/3/57 21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 31.96 
8/4/57 20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 31.43 
8/5/57 22 0.67 1.59 0.52 0.03 0.17 0.03 0.25 3.04 30.86 
Trigger Verification 
 
        
= Node 454 average of prior 
30 d   = 0.67 = 1.59 = 0.52 = 0.03 = 0.17 = 0.03 = 0.25 = 3.04 If < 31 CFS 
Restriction Verification, 
Total = 0.34 CFS 
 
= ( - 0.67 – 1.59 – 0.52 – 0.03 – 0.17) + (0.03 + 0.25 + 3.04) 
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Table C.1-20 Schuylkill County Drought Restriction Scenario 2 Baseline Model Verification 
Date 
Model Results Subroutine Calculation 
460 905.460 905.461 905.462 905.463 459.905 30-Day Average of 460 
9/16/1972 91 0.00 0.00 0.00 0.00 0.00 108.7 
9/17/1972 92 0.00 0.00 0.00 0.00 0.00 109.4 
9/18/1972 94 0.00 0.00 0.00 0.00 0.00 109.4 
9/19/1972 70 0.00 0.00 0.00 0.00 0.00 109.7 
9/20/1972 58 0.00 0.00 0.00 0.00 0.00 109.4 
9/21/1972 58 0.00 0.00 0.00 0.00 0.00 109.0 
9/22/1972 55 0.00 0.00 0.00 0.00 0.00 108.6 
9/23/1972 87 0.00 0.00 0.00 0.00 0.00 108.3 
9/24/1972 91 0.00 0.00 0.00 0.00 0.00 109.1 
9/25/1972 94 0.00 0.00 0.00 0.00 0.00 109.6 
9/26/1972 58 0.00 0.00 0.00 0.00 0.00 109.5 
9/27/1972 55 0.00 0.00 0.00 0.00 0.00 106.9 
9/28/1972 53 0.00 0.00 0.00 0.00 0.00 103.4 
9/29/1972 50 0.00 0.00 0.00 0.00 0.00 100.9 
9/30/1972 59 0.00 0.00 0.00 0.00 0.00 99.2 
10/1/1972 53 0.00 0.00 0.00 0.00 0.00 98.2 
10/2/1972 50 0.00 0.00 0.00 0.00 0.00 96.1 
10/3/1972 53 0.00 0.00 0.00 0.00 0.00 93.9 
10/4/1972 49 0.00 0.00 0.00 0.00 0.00 93.0 
10/5/1972 47 0.00 0.00 0.00 0.00 0.00 90.9 
10/6/1972 51 0.00 0.00 0.00 0.00 0.00 88.9 
10/7/1972 81 0.00 0.00 0.00 0.00 0.00 87.1 
10/8/1972 59 0.00 0.00 0.00 0.00 0.00 86.1 
10/9/1972 50 0.00 0.00 0.00 0.00 0.00 83.3 
10/10/1972 49 0.00 0.00 0.00 0.00 0.00 81.3 
10/11/1972 45 0.00 0.00 0.00 0.00 0.00 80.6 
10/12/1972 42 0.00 0.00 0.00 0.00 0.00 77.5 
10/13/1972 30 0.00 0.00 0.00 0.00 0.00 68.5 
10/14/1972 35 0.00 0.00 0.00 0.00 0.00 64.0 
10/15/1972 35 0.00 0.00 0.00 0.00 0.00 61.5 
10/16/1972 39 0.13 0.00 0.00 0.10 0.32 59.8 
Trigger 
Verification 
      = Node 460 average of prior 30 days 
 = 0.13 = 0.00 = 0.00 = 0.10 = 0.32 If < 61 CFS 
Restriction Verification, 
Total = 0.1 CFS 
= (-0.13 – 0.10) + 0.32  
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Table C.1-21 Montgomery County Drought Restriction Scenario 2 Baseline Model Verification 
Date 
Model Results Subroutine Calculation 
475 905.471 905.479 905.480 905.481 905.482 469.905 474.905 475.905 477.905 478.905 483.905 30-Day Average of 475 
5/28/1957 237 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 177.9 
5/29/1957 113 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 176.2 
5/30/1957 94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 169.5 
5/31/1957 86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 150.0 
6/1/1957 82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 142.2 
6/2/1957 78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 136.6 
6/3/1957 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 131.9 
6/4/1957 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 127.9 
6/5/1957 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 123.9 
6/6/1957 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 120.1 
6/7/1957 78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 116.5 
6/8/1957 76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 113.2 
6/9/1957 74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 110.0 
6/10/1957 74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 107.1 
6/11/1957 72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 104.5 
6/12/1957 70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 102.4 
6/13/1957 71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 101.4 
6/14/1957 75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.4 
6/15/1957 73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.8 
6/16/1957 66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 98.1 
6/17/1957 65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 96.4 
6/18/1957 64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 95.0 
6/19/1957 63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 93.7 
6/20/1957 249 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 92.3 
6/21/1957 110 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 96.3 
6/22/1957 87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 95.2 
6/23/1957 82 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 93.9 
6/24/1957 81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 92.7 
6/25/1957 80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 91.6 
6/26/1957 79 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 90.8 
6/27/1957 79 0.16 0.11 0.01 6.64 2.77 1.75 0.84 0.48 1.08 1.40 1.84 89.9 
Trigger 
Verification 
 
        
   = Node 475 average of 
prior 30 days 
 = 0.16 = 0.11 = 0.01 = 6.64 = 2.77 = 1.75 = 0.84 = 0.48 = 1.08 = 1.40 = 1.84  
Restriction Verification, 
Total = -2.3 CFS 
= ( - 0.16 – 0.11 – 0.01 – 6.64 – 2.77) + (1.75 + 0.84 + 0.48 + 1.08 + 1.40 + 1.84) 
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Table C.1-22 Philadelphia County Drought Restriction Scenario 2 Baseline Model Verification 
Date 
Model Results Subroutine Calculation 
482 905.487 905.484 485.905 30-Day Average of 482, CFS 
6/17/1957 1069 0.00 0.00 0.00 1090.4 
6/18/1957 700 0.00 0.00 0.00 1085.6 
6/19/1957 686 0.00 0.00 0.00 1070.9 
6/20/1957 628 0.00 0.00 0.00 1045.7 
6/21/1957 527 0.00 0.00 0.00 1014.5 
6/22/1957 471 0.00 0.00 0.00 975.7 
6/23/1957 483 0.00 0.00 0.00 945.6 
6/24/1957 504 0.00 0.00 0.00 918.5 
6/25/1957 563 0.00 0.00 0.00 894.7 
6/26/1957 799 0.00 0.00 0.00 875.3 
6/27/1957 873 0.00 0.00 0.00 855.4 
6/28/1957 664 0.00 0.00 0.00 826.7 
6/29/1957 638 0.00 0.00 0.00 812.7 
6/30/1957 636 0.00 0.00 0.00 802.3 
7/1/1957 632 0.00 0.00 0.00 793.0 
7/2/1957 590 0.00 0.00 0.00 784.0 
7/3/1957 548 0.00 0.00 0.00 772.4 
7/4/1957 477 0.00 0.00 0.00 760.6 
7/5/57 500 0.00 0.00 0.00 748.2 
7/6/57 399 0.00 0.00 0.00 737.4 
7/7/57 416 0.00 0.00 0.00 724.2 
7/8/57 380 0.00 0.00 0.00 711.6 
7/9/57 440 0.00 0.00 0.00 698.7 
7/10/57 514 0.00 0.00 0.00 682.7 
7/11/57 501 0.00 0.00 0.00 671.4 
7/12/57 428 0.00 0.00 0.00 662.0 
7/13/57 388 0.00 0.00 0.00 650.5 
7/14/57 417 0.00 0.00 0.00 633.2 
7/15/57 430 0.00 0.00 0.00 615.8 
7/16/57 400 0.00 0.00 0.00 595.1 
7/17/57 389 23.51 0.82 3.96 556.7 
Trigger Verification 
    = Average of prior 30 days Node 482 
 = 23.5 = 0.82 = 3.96 If < 587 CFS 
Restriction Verification, 
Total = -20.4 CFS  = ( -23.5 – 0.81) + 3.96  
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Appendix D Results 
This Appendix presents all model results for all model runs, organized into a series of 16 tables. 
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Table D-1 Baseline Configuration, Conservation Release Varied 
Metric Unit Return Period, Yrs Baseline 
Baseline, Medium 
Conservation Rel. 
Baseline, High 
Conservation Rel. 
Annual,  
Streamflow Shortage Days per WY 
50 150 153 147 
10 54 46 42 
Annual,  
Ecological Shortage Days per WY 
50 91 76 61 
10 23 13 8 
Summer,  
Streamflow Shortage Days per WY 
50 76 75 71 
10 49 44 40 
Summer,  
Ecological Shortage Days per WY 
50 62 45 34 
10 25 15 7 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 278 360 
10 26 190 342 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 80 327 
10 0 17 243 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 92 92 
10 8 92 92 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 18 92 
10 0 0 92 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 27.61 20.33 
10 9.4 6 5 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 73.33 61.46 
10 26.0 17.52 12.68 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 49 28 
10 12.0 7 4 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 92 54 
10 26.8 14 5 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 20,518 835,016 
10 0 318 601,791 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 21,391 835,016 
10 0 386 602,250 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 0 677,556 
10 0 0 439,284 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 0 677,556 
10 0 0 439,284 
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Table D-2 Hedging 2 Zones Configuration, High Flow Target Results 
Metric Unit Return Period, Yrs Baseline 
High Target 
Low Cons. Rel. 
High Target 
Med. Cons. Rel. 
High Target 
High Cons. Rel. 
Annual,  
Streamflow Shortage Days per WY 
50 150 86 98 126 
10 54 8 11 29 
Annual,  
Ecological Shortage Days per WY 
50 91 59 63 70 
10 23 1 2 8 
Summer,  
Streamflow Shortage Days per WY 
50 76 40 46 65 
10 49 0 2 22 
Summer,  
Ecological Shortage Days per WY 
50 62 31 33 37 
10 25 0 0 7 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 271 298 360 
10 26 118 192 342 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 213 222 329 
10 0 70 97 243 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 91 92 92 
10 8 71 92 92 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 85 86 92 
10 0 35 38 92 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 28.66 28.63 29.64 
10 9.4 1 0 4 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 56.36 58.25 67.80 
10 26.0 2.35 5.03 9.95 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 54 54 57 
10 12.0 0 0 3 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 90 93 101 
10 26.8 0 0 4 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 435,290 512,397 924,201 
10 0 134,848 186,015 698,402 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 435,290 512,397 924,433 
10 0 134,848 186,015 698,448 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 8,590 250,912 843,124 
10 0 0 9,685 582,951 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 8,590 299,579 843,124 
10 0 0 22,581 582,951 
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Table D-3 Hedging 2 Zones Configuration, Low Flow Target Results 
Metric Unit Return Period, Yrs Baseline 
Low Target 
Low Cons. Rel. 
Low Target 
Med. Cons. Rel. 
Low Target 
High Cons. Rel. 
Annual,  
Streamflow Shortage Days per WY 
50 150 160 152 148 
10 54 56 49 42 
Annual,  
Ecological Shortage Days per WY 
50 91 3 8 50 
10 23 0 0 3 
Summer,  
Streamflow Shortage Days per WY 
50 76 75 73 71 
10 49 48 44 39 
Summer,  
Ecological Shortage Days per WY 
50 62 1 1 23 
10 25 0 0 1 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 245 288 360 
10 26 80 190 342 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 142 184 327 
10 0 11 54 243 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 90 92 92 
10 8 56 92 92 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 44 53 92 
10 0 0 9 92 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 16.68 16.57 26.01 
10 9.4 5 4 4 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 53.56 51.43 61.99 
10 26.0 17.21 13.23 11.34 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 2 11 41 
10 12.0 0 0 0 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 2 11 64 
10 26.8 0 0 0 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 139,748 278,194 862,025 
10 0 0 11,137 645,397 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 140,100 278,194 862,025 
10 0 0 11,137 645,889 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 0 19,725 722,557 
10 0 0 0 501,368 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 0 19,725 722,557 
10 0 0 0 501,368 
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Table D-4 Hedging 2 Zones Configuration, Movable Flow Target Results 
Metric Unit Return Period, Yrs Baseline 
Movable Target 
Low Cons. Rel. 
Movable Target 
Med. Cons. Rel. 
Movable Target 
High Cons. Rel. 
Annual,  
Streamflow Shortage Days per WY 
50 150 134 131 148 
10 54 30 34 42 
Annual,  
Ecological Shortage Days per WY 
50 91 27 32 50 
10 23 0 0 0 
Summer,  
Streamflow Shortage Days per WY 
50 76 66 68 71 
10 49 22 25 39 
Summer,  
Ecological Shortage Days per WY 
50 62 10 13 23 
10 25 0 0 0 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 262 297 360 
10 26 114 192 342 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 203 219 327 
10 0 54 77 243 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 91 92 92 
10 8 71 92 92 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 84 86 92 
10 0 34 38 92 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 23.24 23.48 26.01 
10 9.4 5 5 4 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 58.34 56.50 61.99 
10 26.0 10.62 10.89 11.32 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 37 39 41 
10 12.0 0 0 0 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 43 47 64 
10 26.8 0 0 0 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 312,898 420,842 862,025 
10 0 20,096 38,462 645,397 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 312,898 420,842 862,025 
10 0 20,096 38,462 645,889 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 0 147,340 722,557 
10 0 0 0 501,368 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 0 160,242 722,557 
10 0 0 0 501,368 
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Table D-5 Hedging 1 Zone, High Flow Target Results 
Metric Unit Return Period, Yrs Baseline 
High Target 
Low Cons. Rel. 
High Target 
Med. Cons. Rel. 
High Target 
High Cons. Rel. 
Annual,  
Streamflow Shortage Days per WY 
50 150 115 130 147 
10 54 25 31 42 
Annual,  
Ecological Shortage Days per WY 
50 91 77 83 60 
10 23 13 12 8 
Summer,  
Streamflow Shortage Days per WY 
50 76 66 69 71 
10 49 21 27 40 
Summer,  
Ecological Shortage Days per WY 
50 62 49 54 34 
10 25 9 11 7 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 236 283 365 
10 26 105 192 342 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 5 122 327 
10 0 0 46 243 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 91 92 92 
10 8 71 92 92 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 4 63 92 
10 0 0 28 92 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 29.11 29.04 20.31 
10 9.4 6 6 5 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 73.34 77.23 61.44 
10 26.0 12.92 15.39 12.67 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 55 55 28 
10 12.0 9 10 4 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 120 123 54 
10 26.8 17 17 5 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 67 61,229 835,016 
10 0 0 1,485 601,791 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 72 61,497 835,016 
10 0 0 2,020 602,250 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 0 0 677,556 
10 0 0 0 439,284 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 0 0 677,556 
10 0 0 0 439,284 
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Table D-6 Hedging 1 Zone Configuration, Low Flow Target Results 
Metric Unit Return Period, Yrs Baseline 
Low Target 
Low Cons. Rel. 
Low Target 
Med. Cons. Rel. 
Low Target 
High Cons. Rel. 
Annual,  
Streamflow Shortage Days per WY 
50 150 159 153 147 
10 54 56 48 42 
Annual,  
Ecological Shortage Days per WY 
50 91 49 64 60 
10 23 0 5 8 
Summer,  
Streamflow Shortage Days per WY 
50 76 76 74 71 
10 49 48 44 40 
Summer,  
Ecological Shortage Days per WY 
50 62 25 33 34 
10 25 0 2 7 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 204 278 365 
10 26 78 190 342 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 0 100 327 
10 0 0 28 243 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 90 92 92 
10 8 56 92 92 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 0 41 92 
10 0 0 8 92 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 28.39 28.75 20.31 
10 9.4 6 7 5 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 75.66 73.95 61.44 
10 26.0 20.22 14.96 12.66 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 53 54 28 
10 12.0 0 4 4 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 78 96 54 
10 26.8 0 5 5 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 0 35,527 835,016 
10 0 0 971 601,791 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 0 35,686 835,016 
10 0 0 1,693 602,250 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 0 0 677,556 
10 0 0 0 439,284 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 0 0 677,556 
10 0 0 0 439,284 
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Table D-7 No Hedging Configuration, High Flow Target Results 
Metric Unit Return Period, Yrs Baseline 
High Target 
Low Cons. Rel. 
High Target 
Med. Cons. Rel. 
High Target 
High Cons. Rel. 
Annual,  
Streamflow Shortage Days per WY 
50 150 72 80 117 
10 54 0 2 22 
Annual,  
Ecological Shortage Days per WY 
50 91 49 51 75 
10 23 0 0 13 
Summer,  
Streamflow Shortage Days per WY 
50 76 28 31 56 
10 49 0 0 15 
Summer,  
Ecological Shortage Days per WY 
50 62 24 25 44 
10 25 0 0 12 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 277 305 366 
10 26 127 193 342 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 223 230 329 
10 0 77 107 243 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 91 92 92 
10 8 71 92 92 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 85 86 92 
10 0 35 38 92 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 26.52 26.77 29.65 
10 9.4 0 0 7 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 47.24 50.89 72.21 
10 26.0 0.00 0.00 11.34 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 50 51 57 
10 12.0 0 0 11 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 76 79 114 
10 26.8 0 0 16 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 664,500 745,378 945,534 
10 0 167,715 248,731 722,769 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 664,500 745,378 945,766 
10 0 167,715 248,954 722,815 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 596,082 675,372 865,959 
10 0 75,060 114,556 622,001 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 596,082 675,372 865,959 
10 0 75,060 114,556 622,001 
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Table D-8 No Hedging Configuration, Low Flow Target Results 
Metric Unit Return Period, Yrs Baseline 
Low Target 
Low Cons. Rel. 
Low Target 
Med. Cons. Rel. 
Low Target 
High Cons. Rel. 
Annual,  
Streamflow Shortage Days per WY 
50 150 160 152 148 
10 54 56 49 42 
Annual,  
Ecological Shortage Days per WY 
50 91 1 1 43 
10 23 0 0 0 
Summer,  
Streamflow Shortage Days per WY 
50 76 75 73 71 
10 49 48 44 39 
Summer,  
Ecological Shortage Days per WY 
50 62 1 1 16 
10 25 0 0 0 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 246 289 366 
10 26 80 190 342 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 143 186 326 
10 0 11 54 243 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 90 92 92 
10 8 56 92 92 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 44 53 92 
10 0 0 9 92 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 16.24 13.79 27.67 
10 9.4 5 4 4 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 53.05 48.65 63.84 
10 26.0 17.21 17.40 10.73 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 0 0 49 
10 12.0 0 0 0 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 0 0 68 
10 26.8 0 0 0 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 143,643 298,626 867,592 
10 0 0 11,137 650,609 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 143,995 298,626 867,592 
10 0 0 11,137 651,102 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 6,214 55,508 728,124 
10 0 0 0 505,559 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 6,214 55,508 728,124 
10 0 0 0 505,559 
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Table D-9 No Hedging Configuration, Movable Flow Target Results 
Metric Unit Return Period, Yrs Baseline 
Movable Target 
Low Cons. Rel. 
Movable Target 
Med. Cons. Rel. 
Movable Target 
High Cons. Rel. 
Annual,  
Streamflow Shortage Days per WY 
50 150 134 130 148 
10 54 30 34 42 
Annual,  
Ecological Shortage Days per WY 
50 91 5 7 43 
10 23 0 0 0 
Summer,  
Streamflow Shortage Days per WY 
50 76 65 67 71 
10 49 22 25 39 
Summer,  
Ecological Shortage Days per WY 
50 62 0 0 16 
10 25 0 0 0 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 269 299 360 
10 26 117 192 342 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 217 223 326 
10 0 54 77 243 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 91 92 92 
10 8 71 92 92 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 84 86 92 
10 0 34 38 92 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 15.70 16.51 27.67 
10 9.4 4 4 4 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 46.95 44.48 63.93 
10 26.0 10.62 9.76 10.71 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 7 10 49 
10 12.0 0 0 0 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 7 10 66 
10 26.8 0 0 0 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 405,073 545,915 867,592 
10 0 20,096 38,462 650,609 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 405,162 545,915 867,592 
10 0 20,096 38,462 651,102 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 203,187 421,701 728,124 
10 0 0 0 505,559 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 203,187 421,701 728,124 
10 0 0 0 505,559 
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Table D-10 Baseline Configuration, Drought Restrictions 
Metric Unit Return Period, Yrs Baseline 
Baseline 
Scenario 1 Scenario 2 
Annual,  
Streamflow Shortage Days per WY 
50 150 145 149 
10 54 52 53 
Annual,  
Ecological Shortage Days per WY 
50 91 84 88 
10 23 20 22 
Summer,  
Streamflow Shortage Days per WY 
50 76 76 76 
10 49 43 43 
Summer,  
Ecological Shortage Days per WY 
50 62 58 61 
10 25 22 25 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 61 61 
10 26 26 26 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 0 0 
10 0 0 0 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 55 55 
10 8 7 8 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 0 0 
10 0 0 0 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 33.42 35.35 
10 9.4 7 9 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 80.09 84.97 
10 26.0 17.72 25.01 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 46 50 
10 12.0 11 11 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 111 121 
10 26.8 23 26 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 0 0 
10 0 0 0 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 0 0 
10 0 0 0 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 0 0 
10 0 0 0 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 0 0 
10 0 0 0 
 
689 
 
 
Table D-11 Hedging 2 Zone, Low Target, Low Conservation Release Configuration (H2LowTLowC), Drought Restrictions 
Metric Unit Return Period, Yrs 
H2 LowT 
LowC 
H2LowTLowC 
Scenario 1 Scenario 2 
Annual,  
Streamflow Shortage Days per WY 
50 160 157 158 
10 56 54 55 
Annual,  
Ecological Shortage Days per WY 
50 3 1 1 
10 0 0 0 
Summer,  
Streamflow Shortage Days per WY 
50 75 74 74 
10 48 47 47 
Summer,  
Ecological Shortage Days per WY 
50 1 1 1 
10 0 0 0 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 245 180 236 
10 80 78 78 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 142 107 130 
10 11 7 9 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 90 86 90 
10 56 56 56 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 44 33 39 
10 0 0 0 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 16.68 13.14 13.43 
10 5 4 5 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 53.56 50.68 52.39 
10 17.21 16.17 16.93 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 2 0 0 
10 0 0 0 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 2 0 0 
10 0 0 0 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 139,748 86,789 121,852 
10 0 0 0 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 140,100 86,789 121,852 
10 0 0 0 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 0 0 
10 0 0 0 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 0 0 
10 0 0 0 
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Table D-12 No Hedging, Low Target, Low Conservation Release Configuration (NoHLowTLowC, Drought Restrictions 
Metric Unit Return Period, Yrs 
NoH LowT 
LowC 
NoHLowTLowC 
Scenario 1 Scenario 2 
Annual,  
Streamflow Shortage Days per WY 
50 160 157 158 
10 56 54 55 
Annual,  
Ecological Shortage Days per WY 
50 1 1 1 
10 0 0 0 
Summer,  
Streamflow Shortage Days per WY 
50 75 74 74 
10 48 47 47 
Summer,  
Ecological Shortage Days per WY 
50 1 1 1 
10 0 0 0 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 246 180 236 
10 80 78 78 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 143 107 130 
10 11 7 9 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 90 86 90 
10 56 56 56 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 44 33 39 
10 0 0 0 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 16.24 16.09 13.43 
10 5 4 5 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 53.05 50.68 52.39 
10 17.21 15.73 16.93 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 0 0 0 
10 0 0 0 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 0 0 0 
10 0 0 0 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 143,643 86,789 121,852 
10 0 0 0 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 143,995 86,789 121,877 
10 0 0 0 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 6,214 0 0 
10 0 0 0 
Total,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 6,214 0 0 
10 0 0 0 
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Table D-13 Baseline Configuration, Inflow Sensitivity Results 
Metric Unit Return Period, Yrs Baseline 
Watershed Inflow Blue Marsh Inflow 
+20% -20% +20% -20% 
Annual,  
Streamflow Shortage Days per WY 
50 150 142 161 140 159 
10 54 47 80 51 63 
Annual,  
Ecological Shortage Days per WY 
50 91 84 100 81 100 
10 23 19 32 21 26 
Summer,  
Streamflow Shortage Days per WY 
50 76 74 79 74 78 
10 49 46 57 47 49 
Summer,  
Ecological Shortage Days per WY 
50 62 58 65 56 67 
10 25 21 34 25 25 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 61 61 61 41 178 
10 26 26 26 15 77 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 0 0 0 0 
10 0 0 0 0 0 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 55 55 55 36 78 
10 8 8 8 0 47 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 0 0 0 0 0 
10 0 0 0 0 0 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 36.5 34.64 37.02 31.09 38.73 
10 9.4 7 15 7.81 11.97 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 88.1 82.20 95.03 77.24 96.45 
10 26.0 17.95 35.00 23.10 28.13 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 54.2 48 58 46.24 56.09 
10 12.0 11 16 10.98 12.01 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 127.4 117 141 107.22 143.65 
10 26.8 18 34 23.76 26.85 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 0 0 0 0 0 
10 0 0 0 0 0 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 0 0 0 0 0 
10 0 0 0 0 0 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 0 0 0 0 
10 0 0 0 0 0 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 0 0 0 0 
10 0 0 0 0 0 
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Table D-14 Hedging 2 Zone, Low Target, Low Conservation Release Configuration (H2LowTLowC), Inflow Sensitivity Results 
Metric Unit Return Period, Yrs 
H2 LowT 
LowC 
Watershed Inflow Blue Marsh Inflow 
+20% -20% +20% -20% 
Annual,  
Streamflow Shortage Days per WY 
50 160 147 175 154 162 
10 56 48 78 54 62 
Annual,  
Ecological Shortage Days per WY 
50 3 2 4 1 12 
10 0 0 0 0 0 
Summer,  
Streamflow Shortage Days per WY 
50 75 72 80 75 75 
10 48 44 56 46 48 
Summer,  
Ecological Shortage Days per WY 
50 1 1 0 1 2 
10 0 0 0 0 0 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 245 232 251 186 272 
10 80 77 87 67 116 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 142 128 142 79 190 
10 11 11 13 7 15 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 90 86 91 86 90 
10 56 55 60 47 71 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 44 39 41 30 48 
10 0 0 0 0 0 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 16.68 12.89 17.52 16.13 20.64 
10 5 4 8 4.81 5.26 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 53.56 48.62 59.67 50.47 59.21 
10 17.21 13.97 21.62 15.75 18.30 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 2 1 4 0.00 16.58 
10 0 0 0 0.00 0.00 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 2 1 4 0.00 16.58 
10 0 0 0 0.00 0.00 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 139,748 121,581 161,795 63,695 310,435 
10 0 0 0 0 0 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 140,100 121,638 161,795 63,695 310,435 
10 0 0 0 0 0 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 0 0 0 0 3,009 
10 0 0 0 0 0 
Total,  
Reservoir Severity 
Cumulative MG  
per WY 
50 0 0 0 0 3,009 
10 0 0 0 0 0 
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Table D-15 No Hedging, Low Target, Low Conservation Release Configuration (NoHLowTLowC), Inflow Sensitivity Results 
Metric Unit Return Period, Yrs 
NoH LowT 
LowC 
Watershed Inflow Blue Marsh Inflow 
+20% -20% +20% -20% 
Annual,  
Streamflow Shortage Days per WY 
50 160 147 175 154 162 
10 56 48 78 54 62 
Annual,  
Ecological Shortage Days per WY 
50 1 0 0 1 1 
10 0 0 0 0 0 
Summer,  
Streamflow Shortage Days per WY 
50 75 72 80 75 75 
10 48 44 56 46 48 
Summer,  
Ecological Shortage Days per WY 
50 1 1 0 1 1 
10 0 0 0 0 0 
Annual, Blue Marsh 
 Elevation < Top of Rec. Pool Days per WY 
50 246 233 253 186 276 
10 80 77 87 67 119 
Annual, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 143 128 144 79 192 
10 11 11 13 7 15 
Summer, Blue Marsh 
Elevation < Top of Rec. Pool Days per WY 
50 90 86 91 86 90 
10 56 55 60 47 71 
Summer, Blue Marsh 
Elevation < Bottom of Rec. Pool Days per WY 
50 44 39 41 30 48 
10 0 0 0 0 0 
Maximum,  
Instream Vulnerability 
Dimensionless Index  
per event per WY 
50 16.24 12.61 16.75 16.13 16.46 
10 5 4 8 4.81 5.26 
Total,  
Instream Vulnerability 
Dimensionless Index  
per WY 
50 53.05 48.34 58.78 50.47 54.04 
10 17.21 13.97 21.82 15.75 18.18 
Maximum,  
Instream Severity 
Dimensionless Index  
per event per WY 
50 0 0 0 0 0 
10 0 0 0 0 0 
Total,  
Instream Severity 
Dimensionless Index  
per WY 
50 0 0 0 0 0 
10 0 0 0 0 0 
Maximum,  
Reservoir Vulnerability 
Cumulative MG  
per event per WY 
50 143,643 123,927 168,921 63,695 331,971 
10 0 0 611 0 0 
Total,  
Reservoir Vulnerability 
Cumulative MG  
per WY 
50 143,995 123,983 168,921 63,695 331,971 
10 0 0 611 0 0 
Maximum,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 6,214 3,088 14,102 0 119,860 
10 0 0 0 0 0 
Total,  
Reservoir Severity 
Cumulative MG  
per event per WY 
50 6,214 3,088 17,140 0 119,860 
10 0 0 0 0 0 
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